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CHAPTER T

IRTRODUCTION
Historical Resume

According to Mettler (1947), Bgyptisn--Eberls papyrus (1500 BC)
makes mention of thyrold enlargement as one of the conditions which
requirey surgicasl treatment,

Atbuessie (10th century), one of the grestest Arvabian surgeons,
differentinted congenital from acquired poitre. In his opinion
only the latter was suitable for surgery, cnd then only when it was
not too lavge (Jantsch, 19483 Liek, 1229)., The Persian physiclan,
Sayed Ismail 41~-Jurjani (cirvea AD 1134} postulated a comnestion
between excthphalmos and goitre (Rellsston, 1936).

Yaturally this interest in the thyreid glond stimuleted
attempts to discover its function and the factors cousing
abnormalities of thet functione. The relatiounship of the thyroid
10 various body functions was studied by experimental thyroidectomy
(Cooper, 1827), tut little information was gained as death genevally
followed due to the removal of the parathyroid glands ze well, The
concept of a substance releaged by the gland waé formilated nine
years later (King, 1836)., Using a simple microscope, King noted
that the thyroid was composed of follicles filled with a gummy,
translucent fluid. In 1883 both Reverdin & Reverdin (1883) and
Kocher (1883) noted the similarity of clinical myxosdems and the
gtate which developed after succesuful removal of the thyroid.

This observation led naturally to the injecting of a glycerine
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extract of thyroid to relieve myxoedema (Marray, 1891) and later
to the oral feeding of lightly cooked sheep thyrold to petients
with this condition (Howitz, 1893). The stage was thereby set for
the development of such clinical and bLiocchemical invesiigation
which has led to our present lmowledge of thyroid function.

In 1895 Baumann lsolated iodine from thyroid tissue sad in
the same yesr he showed that this iodine was intimately associated
with thyroid activity. By aecid or peptic hydrolysis of thyroid
tissue, & fraction, rich in iodine and in which the whole activity
of the thyvoid glend was concentrated, was obtained. Thus was
egtablighed a Jdirect relationship between iodine and the thyroid
gland,

In 1899, Osweld prepared a protein “iodothyrecglobuline” (or
thyroglobulin), by extracting the whole giand with esaline sélution
and precipitsting the pmendoglobulin with saturated ammonium
sulphate solution. This preciéitation contained T.7 per cent
iodine and had a molecular welght of shoult TO0,000, The suhstance
wag recogniced as being the chief physiologleally sctive component
of the thyroid alveolar tissue,

Tn 1919 Kendall (1919) imolated a crystalline substance from
thyroid tissue which exerted the full physiological activity of
the glandular exiract. This substance contained by weight 65 per
cent iodine and an amino group. _When Harrington and Barger (1927)
synthesiged thyroxine, the true molecular structure was fully
defined, Exiraction procedures indicaeted that thyroxine was the
only thyroid hormorne in the eirculstion (Lainlaw, 1949 Rosenbereg,

1951)¢ Jowever, subsequent etudies of plasme cellected after



administration of radioactive iodine (Gross & Pitt-Rivers, 1952)
revealed & second blologically active hormone which wes 1dentified
ag triiodothyronine. It is physiologically 4 to 5 timem as active
ag thyroxine and acts more immediately than thyroxine.

There is now a voluminous literature of the iodine~containing

compounds of thyroid tissue and these circulsting in the plasma.
Anatomy and Physiclogy

The thyroid ls an endocrine glend producing the hormones
triiodothyronine (T3) and thyroxine (T4)n Tt conteins a second
endocrine system producing celeitoning and thie in turn has an
important 1ole in caloium metabolism. Salcitonin is however
outwith the bounds of this present work,

The normel thyroid giend is & bi-lobed symmetrical, firm,
smooth organ, The right lcbe is offen, 2y & normal verdiant, larger
than the left Jobe empecially in childrens The glond ls situated
in front of the thyroid cartilsge to vhich it is closely attached
by the pretracheal fascia. DBecauss of ite snatomical location,
good information can be gained by physical examination.

411 developmental veriations are ultimately associated with
hypofunction, due to the sheer quantitative insufficiency of
thyroid tissue.

The function of the thyroid gland is to synthesise, store and
secrete the two thyroidal hormones viz. triiodothyronine and
thyroxine. The metabolic activity of 211 {issues is influenced by

these thyroid hormones,; but the precise blochemdical mechanisms



involved are uncertaine IMrom the physioleogical point of view
mental development; skeletal growth and sexual maturation sll
require normal thyrolid function. The heart rate and cardiac
cutput are influenced by the thyroid hormones, thene pdtenti&ting

the effects of sdrenaline and nor-adrensline.

Biogynthesis of Thyroid Hormones

The thyroid horménes are symthesised in the glaﬁd from lcdins
and tyrosine (Figure 1). They are then bound to thyroglobulin for
storage. Lefore they are discharged into the bDlood there ig an
enzymatic ﬁraak&cwn of thyroglobulin.

Dietery iodine is resdily absorbed from the wpper
gastroinﬁ@&%inal'ﬁrac% and enters the plesme ag incrgsnic iédi&e»
The plasma iodide iz either taken ut by the thyroid or exersted
by the kidney. Although small-amounﬁw of jodide are found in ithe
salivary, sweat and mammary glends, stomach and small intestine,
only the thyreid gland has the ability to elaborate fully the
thyroid hormones,

The remarkavle ability of the thyreid teo trap iodide is shown
by the maintenance of a concentration gradient between the thyroid
glend and plasma, usually in a ratio of 20:1 (Pochin, 19503
Schachner et al., 1944). This phenomenon is oxygen~dependernt
(Freinkel & Ingbar, 1955) =nd is almost certainly under enzymatic
control. Trapping is increased by thyrotrophin (7SH) and decreased
by an excess of circulating free iodide, thiocyrete and by

perchlorate both of which compete with iodide for the $rensport
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Fioure 41 ¢ Schematic representation of stevmy in ithe biosypthesis
of thvroid hormones

Inzyme legend: 1 = Peroxidase; to oxidise iodide to free elemental iodine.

2 = Jodinases for iodinetion of tvrosine to
3~monociodityrosine and 3,5~diiodotyrosine,

3 = Fnzyme coupling 1 mol. MIT and 1 mol. DIT with
alenine residue (0113“051(23}12)00014) {not showm),

with the formation of 3,5,3~trilodothyronine,

3% Enzyme coupling 1 riol. DPIT with 1 mol. DIT with
alanine reuidue (no% shown), with the formetdion
of 3,5,3%,5%'~tetraicdothyronine (thyroxine).

Compound. legend: T = Tyrosine '
MiTe=3-Fonoiodotyrosine
Dilm3, 5=-Diiodotyrosine
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IBefowe the intrathyroidal iodide can be incorporated into
the tyrosine molecule it must be oxidised to free elementel iodine.
The process of oxidation is scatalysed by an enzyme peroxidase, in
the presence of hydrogen peroxide. Urgaoification of iodine
normally occurs very vrapidly in vivo, so that it is possible thet '
another enzyue, tyrosine iodinase is Invelved (Hatchinson, 1969),
In certein siiuastions however this dowet nol teke place e.g.
congenitael biosynthetic defects, suloimmine thyroiditis and
following therapy with thiourane drugs. The trapved iodine may be
discharged Ty the administration of percblorate. Ovganification
-leads to the formation of monojiodotyrosine and diiodotyrosine,

Thyroxine is helieved to be forusd by the coupling of two
molecules of dilcdobyrosine under the influcunce of a coupling
enzyme, with loss of an alanine side chuin froms one molecule
(Ha?ringtong 1644). Triiodothyronine is feomed on the seme
assumption, by one molecule of monclodotvrosine and one of
dijodotyroeine {Roche & Michel, 1955) or from partisl dejodination
of thyroxine in the peripheral tizeue. The coupling takes place
within the thyrogleobulin, but the precise nature of the mechanism
is not kmowm. In the congenital coupling defect, monoiodotyrosine
snd diiodotyrosine may appear in the dlood (Floyd et al., 1960),

The thyroid hormones are stored within the thyroglobulin
until required by their target organs. Then thyroglobulin is
digested by thyroid proteases and peptidames. Protealysié of
thyroglobalin results in the llberation of the iodotyrosines
(monoicdotyrosine and diicdotyrosine) as well as the.iodothyronines

(triiodothyrenine and thyroxine). The jodotyrosines unlike the



ilodothyronines do not normally emter the blood stream because they
are deiodinated within the gland by ithe enzyme dehalogenase and
that iodine‘is re-utilised for the formation of thyroid hormones,
Deficiency of dehalogenase lezds to the escape of monoiodotyrosine
and diiocdotyrosine into the circulstion and subsequent loss in the

urine thus lesding to iodine deficiency.

Contronl of Thvroid Hormone Secretion

The cencentration of thyrold hormones in blood is controlled
by a dymanis control system involving the hypothalamus, the
pituitsry and the thyroid gland.

Tagretrephin, (TSH, thycoid—stimulating horisone) which is
secreted hy specific pituitary cells ig the mujor regulstor of
thyrcid hormone formation and release. Thyrotronhin is secveted
under the influence of a tripeptide, thyrotropnin releasing
hormone (TRY) formed in the hypothalamis and transported to the
enterior plluitary via the portal vessels., The effect of
thyrotrophin releasing hormone on thyrotrophin secretion is
inhibited by the thyroid hormones. Enhanced peripheral utilisation
of thyroid hormones leads to reduction of the feedback inhibition
of thyrotrophin releasing hormone, this action resulting in further
thyrotrophin secretion and thyroxine formation to restore the blood

level to egquilibrium.



Thyroid Hormones in the Circulation

The bulk of the circulating thyroid hormones is thyroxine
(60-150 nmole per litre) with only 1=2 per cent as triiodothyronine
(190m206 nmol. per litre)o The hormenes are bound to specific
binding proteins in the plasma with only & small fraction in the
free or wnbound foxrme The major binding proteins are thyroxine-
binding globulin (TBG), thyroxine-binding prealbumin (TBPA) and
albunin {T8BA) which cerry 60, 30 and 10 per cent respectively of
the approximate total cirveulating thyroxine. Uhile trilodothyronine
ig also carried by proteins, there wure major differences in the
binding hetween the two hormones. Triiodothyronine ig not bound
by thyroxine-binding prealbumin and only weakly by thyroxine~binding
globulin end albumin (Larson & Alvright, 196%; Robbine & Rall, 1955),
However, only the frce, unbound hormone is cble to exert a metabolic
effect (Robbine & Rall, 1960; Sterling & Hegedus, 1962). Froe
thyroxine ig about 0.05 (25-50 pmel per litre) and free
trijodothyronine 0.5 per cent (6~141 pmol per litre) of the respective
total circulating thyroid hormonen. The binding proteins sct as
buffers in the extrathyroidal metabolism, circulating the store of

thyroid hormones and preventing their early loss in the urine,

Catabolism of Thyroid Hormones to their Bxcretorv Products

The peripheral degradstion of thvroid hormones proceeds
through several metazbolic pathways, chiefly deiodination,; conjugation

with sulphate or glucuronic acid and side~chain metabolism (Figure 2),



Figure 2

1O

t Biochemical transformations of the thvreid hormone

molecules in the bodw tisgues 3 (1) deiodination,

(2) conjucation of the vhenol, (3) runture of the

diphenyl ether linkage and (4) oxidative deamination

of the alanine side chain.
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The dally degradation of triicdothyronine and thyroxine has been
determined as approximately 60ug. for triiodothyronine and 80ug.
for thyroxine (Hoffenberg, 1973).

Deiodination is the most important metabolic pathway of
thyrold hormones. After intravenous sdministration of
radioiodine-labelled thyroxine to normal man, lesg than 10 per
cent of the radloiodine in the wrine is present sg organic iodine
(Pittman ot vley 1972)7 the other 90 per cent being present as
inorganic icdide.

Delodination by lodethyronine deiodinase effectively
delodinates tritodothyronine and thyroxine, but not iodotyrosines
(Pilaskett, 1962). By deiodination, iodine released in the
circulation ims in part taken up by the thyroid and in part excreted
a8 iodide in the urine. This pathway has been demonstrated in
numerous tissues, such as liver, kidney, muscle, heart and brain
(Albright et ale., 19593 Etting & Barker, 1959), Only a propoviion
of the total amcunt of itriiocdothyronine produced daily ig actually
secreted divectly from the thyroid gland, ths remainder jg derived
from perdipheral monodelodination of thyroxire. TIn fact approximately
one=third of the total circulating thyroxine is converted to
triiodothyronine (Pittman et al., 1971). Couplete deiodination of
thyroid hormones may also occur, leaving oniy the thyronine nucleus
(Pittman et al., 1972). In addition to thyronine, deiodinated
metabclites of thyroxine appear in urine. These are monoicdotyrosine
and dijodotyrosine (Roche et al., 1952 (& and b)).

Similarly triiodothyronine is delodinated to 3.3%~diiodothyronine

and is its major metabolite appearing in the urine (Folk et als, 1960
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Administered radicactive triiocdothyronine appears to some exbent
ag monoiodotyrosine and diiodetyrosine in the urine (Roche et al.,
1952 (& and b)s These steps are summarized in Table T and

Mgure 3¢ The compartments in which the hormones are distributed
are showme

Conjugation (Teble I) of the phenolic hydroxyl group of
thyroxine and triiocdothyronine with gluecuronic acid or sulphate
occurs in the liver and kidneys (Tolk et ale, 1960 Et%ing‘&.
Barker, 1659}. The resulting hepatic glucuronceldes and etheral
sulphates are either excrebted in the bile and undergo intestinal
hydrolysis {Emgluouronidase) before reabsorption, or are returned
to the clrculation as conjugates for excretion in the urine. Most
of the freed hormones or their derivatives in the gut are reabsorbed
into the circulation (enterohepatic cycle) and only a small portion
is exoreted in the faeces. Burke et al. (1972) found 0.65 and
3.69ug. per day respectively of trijodothyronine and thyroxine
conjugates in the wrine (Teble TI).

Oxidative deaminetion (Table I) and Jecarbozylation of the
alanine side—chain to their acetic acid derivatives is the
predominant metabolic pathway for thyroid hormones in the kidney
(Pittman et al., 1972). Tetra— and tri-iodothyroacetic acid have
also been found in liver and brain, and the pyruvic and lactic acid
derivatives of triiodothyronine and thyroxine have been demonstrated
in both urine and bile. The average daily excretion of thyroacetic
acid in urine, from thyroxine origin, is approximately 7.5ug. per
day (Pi%tman et al., 1972)0 Administered thyroxine may alsc appear
in urine a8 tetraiodo%hyropropionic acid (Roche et al., 1954 ) .

Finally, excretion of the intact hormones in the urine is
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TABL k4]
o e Fetebolites Prinecipal Organs | Principal Compariment
Catabolic event it neip TE ‘ P p i
Tdentified Involved for Excrefion
(1) Dejcdination Icdide, Monoiodotyrosine, Liver and kidney;} Urine, in small amounts
Diicdetyrosine, Thyronine, other tissues to | in most tissues.
iic mgw.ﬁ,oﬂbm. lesser extent.
Triiodothyronine.
(2) Conjugation of tke
phenol rnucleus
(2) with glueuvonic acid Clucurorides of iodothyronines Liver, kidney Bile, small amounts in urine
(Piiodothyronine, Triiodothyronine,
Thyrozine)
{v) with suiphate Sulphete ester (Triiodothyronine) Liver
.

{3) Bupture of diphenyl
ether bond

(4) Deamination

iiodotyrosine

Leetic and pyruvic acid analogues
of Thyroxine and Triiodothyronine

Mot identified

Liver, kidney.

Bile,kidney, liver, urine
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BLOOD
Protein bound
Ta&T, LIVER
THYROID 1 L
Metabolism

OO —1 5 Unbound T3&T4 COhiugatlon

W BILE
Ty&7, conjugates
KIDNEY and metabolites
I
URINE v

Free T3 & T4 ,COnjugates
and metabolites.

Fieure 3 3 Proeress through body compartments of the

thyroid hormoness




TABLE II : Unceniusated, conjugated {(pH 1 hvirolysable and

ot
Q
I
»
fomok
o+
~

riodothvronine and thyroxine in urine

mean uge. per 24-hour and percentase).

Triisdothyronine Thyroxine
Apthors St o e
Unconjugaied § Coajuzated w Total Unconjugated Conjugated Total
. 1
“ ,

Burke et alo, 1972 0.71 (52%) 1 0.65 (48%) 1636 | 2,36 (39%) 3469 (61%) 6405
Gaitan et al., 1975 1.57 (7T%) 1 C.a7 (23%) 1§ 2.04
Pastrana ot al., 1974 2,10 (40%) 3090 (60%) § 5420
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presumably because of filtration of free plasma thyroxine and
tritodothyronine (Chan et ale, 1972) whick ir in squilibriun in
the circulation with the other molties already menmbticned.

It ié these free hormones which aie of inbersst Tor this
present work beosuse generally it Is accepted that the free
hormones are the metabelically achive fraction. If their quantity
in the urine could be reliably measured, some indication of thyroid
function nay thereby be adduced. However the value of much a
neasure would be vitiated if the freo thyroid hormoncs were
significantly reabsorbed in the rensl tubuize, This problem ig

now conesidered.

Renal Handline of Thyroid Hormones

Renal uptoke of iriiodothyronine wos siudied by Cavalieri ob
aley (1975). Thay monitorasd the secumnlated redioachisrity over the
kidney avea during a susiained imtravenocus infusion of 131Zmlabelled
triiocdothyronine given over 50 to 90 minutes, There was an
accunulation of 2%nge per minute. They concluded, afier compsring
thely renal trilocdothyronine uptake valucz with those of unbound
urinary triiodothyronine in bealth (Burke et al., 1972)
(epproximately O.5nz. per mimute) that only about 2 per cent of the
renal uplake material appeared in the urine, the remainder being
degraded within the kidney or returned to the plasma as unchanged

¥ e

hormone.
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Clearance

Thyroxine

Studies by Burke et al., (1972) on unhound serom thyroxine
indicated a mean clearsnce of free thyroxine in normal subjects
of 26ml. per minute. In enother study Burke & Shakespear (1975)
(Teble ITI) veported a clearance of 38ml. per minute for ffee
thyrorine. These values mggest that unbound thyroxine is
ultraiilterabie, but resbsorbable by the tubule., These aunthors
have rcalconlated precisely the tubular reebsorplion of thyroxine
and Found it to be 6% per cent. In thyrc%oxid ratients, the
mean thyroxine excretion is increased 7.5 fold, while serum
utboand tlhiyrowine ieg increased by only 3~fold. This suggests 2
fall in tulbular veabgorpiione Indesd the cleciauce value of
thyroxine inersasen by 26 per cent to 40ml., per minuts. The
implication therefore is that there might be a maximum tubulaw
reabsorpilon rate for thyroxine. In hypoeibyroidism, there is also
an increase in the mean apparent thyroxire clearsnce, but the
renge is very wideN(SS to 270ml. per mimite). Assuming that the
thyroxine clearance ig approximately one-third of the cresiinine
cleerance {creatinine clearance 120ml. per mimute, thyroxine
clearance 38mle per minute), some TO per cent of the filtered free
thyroxine is therefore resbsorbed, The remaining 30 per cent

appears in the urine as free thyroxine.



TABLE TIT ¢ Urinary clearances of triiodothyronine and

thyroxine of adults quoted by Burke & Shakesvear (1975).

Clearvence (ml. per mirmute)
e o Trilodothyronine Thyroxine
Group examined mean + SoDo(n) mean + $,0,(n2)
Buthyroid 164 + 80 (12) 38 4+ 21 (12)
Hyperthyroid. 221 + 80 (10) 48 + 22 (11)
Hypothyrold 174 + 72 (17) 138 + 11 (7)

The degree of tubular resbsorpiion of thyroxine calculated
at about 65 per cemt, conmtrests with the mere complete resbsorphion
of unconjugated certisol (98 per cent) (Buoimel et ale, 1964), which
has a clearance rate of sbout 10ml. per mimiie (Burke & Beardwell,
1973). One probable factor responsible for this difference could
be the much smaller amount of thyroxine comparved to cortisol in
urine relative to the noimal amountis of probfein present in the
urine. Protein~binding of the hormones in the glomerular filtrate
night reduce tubular reabsorptione The very high affinity of
thyroxine for protein could in part be responsible for the poor
reabrorption. As waler resbsorption proceeds in the tubule the

effect of protein might begin to retard thyroxine reabsorption.
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This effect may normally be small, but might be large in cases of
proteinuria. IMore gignificant normally may be the binfing of
thyroxine to other moleculax species in the tubular fluid, for
example, by the low molecular welgh® binder whose presence in
urine is suggested by Burke & Shakespear (1976).

This problem of the exbtent to wlilch the tubular reabsorption
of thyroid horménes is affected by urirary proteins and other low
molecular weight substances occurring in the urine has been
resolved by the work of Burke & Shalkespear {1976). They have
shown that of the total normal urinary thyceid hormornes, 40 per
cent triiodothyronine and 20 par cent thyrozine sre fres, up to
9 per cent twvilodothyronine and 12 per cent thyroxine are
protein=bound, and about H0 per cent of wrinory triiodothyronine
and 68 per cent thyroxine are sssocisted with a low molecvlar

weight substance. This im zhown in Teble form (Table IV).

TABLE IV ¢ Percentzge binding of wvnooniueated triiodothyronine

s X =

TABLI

aqd thyrozine in urins (Barke & Shskesp@’r, 1976) .
sou, U ORGP O e Ca R e o TR e TN e T TYTO T,

foan TB(,O) Mean T 4(72
Bound (to protein 60,6 79.9
plus "LMJ binder"™)
Bound to protein 8¢9 11.9
Bound to "LIH binder" 51eT 68.0
Unbound (Free) 39.4 20,1
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From the above, it is clear that Tactors controlling the
tubular reabzorption of thyroxine are complex. Urinary thyroxine
excretion is markedly increased by high protein excretion rates
due to the carrisge of more serum-proiein~bound thyroxine through
the glomeruli into the urine. This ie seen in the nephrotic
syndrome. Sor the same reason, the ostensibly high thyroxine
clearance rabtes noted in some hypothyroid subjects is due to
increcse’l proteln exereticn and possibly also thexchby to reduction
in tubular veabsorpliive activity. This has been rcferred to as
"renal hypothyroidism®™. Another possible esxplanation for the
apparentlv increased thyroxine clearance rates seen in hypothyroidism
is the cverestimation of hormone because of cross reaclion with the
metabolites of thyroxine (thyroacetic and thyropyruvic acid) which is

more significant at low urinary concentration of thyrexine.

Trliodothvronine

While thyroxine clearance in euthyroid subjects was thus aboul
one=third of creatinine clearance, apparent itriicdobthyronine
clearance was 1.5 times higher than the creatinine clearance
(164 + 80 ml. per minute) with a wide range {Burke & Shokespear,
1976), and with no significant difference from hypothyroid subjects
(174 + T2 ml. per nimte)e However, trilcdothyronine clearance vas
a litile higher in thyrotoxic subjects (221 4 80ml. per minute).

In terms of the excreted mass of triiodothyronine, the reported
values ars suflficiently high when compared with the vilasma levels

to indicate that it i= almost certain that not only iz the clearance

6



= 2m

rate of trilodothyronine high but there is possibly also an active
gecretion of triiodothyronine at tubular 1eveio Burke & Shakespear
(1976) have indeed shown that the trilodothyronine clearence rate
is 164 + 80ml, per minute which is some 4=5 times higher than that
of thyroxine, They found in cases of hypothyroidism clearance
rates of 174 4 T2ml. per mimate end in thyrotoxicosis values of

221 i;80mlo per minote, Bven these high clearance values cannot
fully account for the high urinary cowbtent of triicdothyronine and
thus an active tubular excretion of triiodothyronine seems likelys

By comparing the mean filtered load of triilodothyronine
presented to the tubules in normal subjects {450 pg. per minvte)
with the mean urinary excretion rate (570 pg. per mirnute) Burke
& Shakespear (1976) have estimated that 21 perxr cent of the urinary
trilodothyronine does not come from glomervler filtration of serum
wibound trifcdothyronine alene btut from an active tubuler excretion
of triiodothyronine. This triiodotlhyronine might well represent
the end product of thyroxine, which has been reabsorbed or delivered
actively by the circulation to the tubule but metabolised in the.
tubular wall to triiodothyronine (Gaitan et al., 1975).

Another possible reason for the 'mean apparent triiodothyronine
clearance being abvout 1.5 times the ereatinine clearance is that
urinary triiodothyronine is overestimated by the radioimmnoassay
methods used. Several thyroid hormone metsbolites in human urine,

.not all of which have been fully identified (Pittman et ale, 1972)
cross react with the antibody (Hufner & Hesch, 1973) of the method.

The renal clearances of triiodothyronine and thyroxine are

poorly correlated with creatinine clearance (Burke & Shakespear, 1975),
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However in general the lower the creatinine elearance the lower the
thyrold hormone clearance, with this exception that there is an
elevated clearance of thyroxine in hypothyroidiem when the
creatinine clearance is low. Urinary trijiodothyronine is
wderestimated in subjects with a creatinine clearance of less than
50mle per mimate. In general, assay of urlnary ftriiodothyronine is
invalidated in patients with acute or chronic remnal fajilare who
have vediced zlomerunlay filtration (Chan, 1974) and whose creatinine
clearance fullg below 3C to B0mi. per minute (Burk‘.ns 1974 ) o

T4 is not yeb clealr whalt is the contribution of rensl metabolism
of these huvmonaé to the values estimated. The kidney plays an
importerit rele in the peripheral metabolisim of icdius and thyroid
hormones arxd the thyroid hormounes play ain important role in kidney
growth and function (Kate ot ale, 1975)c Botk hypo- snd hyperthyreid
states are accompasnied by mumerous remal functional abnormalities.
In uncomplicated thyrotoxicosis the glomerulax filtration rate, the
renal vnlasma flow, the tubular reabsorptive and the tukular sscretory
ability sre usually increased. In thyroid deficiency, the renal
functional alterations are generally the oprosite. Thus the final
figures represent the end product of eguaticone which include secretion,
liver wmetabelism, protein-binding, target orgen utilization and renal

handling.

Relationship of Urine Thvroxine and Triiodothyronine to Serum
Unpound Levels

The relationship between urinary thyroid hormones and their

gerun unbound fractione have been found to be linear cver a wide
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range of hormone concentration (Burke & SHakespear, 1975). This
relationship is maintained irrespective of the changes in the
ciroulaﬁingllevels of thyroid-binding-proteing or their binding
capacitye. IFor example, in pregnancy and during oestrogen therapy
(Chan, 1974; Burke & Shakespear, 197%; Gaiten et ale, 1975;
Pagtrana et ale, 197%) where the total thyroid hormone levels are
elevated due to a rise in %hyroxinewbinding globulin the thyroid
hormore @icretion rate is normal as are also the unbound serum
levels., Couvarsely, in patients with a low concewntration of |
thyroxine-hinding globulin (idiopathic low TBG, hypeproteinaemia,
massive coriicostersdid therapy) and altered thyvoxine-binding
capacity (salicylate ingestion or phenytcin), *hyroid hormone
excretion rates are normal despite low total seyum levels (Chan,
19742 Burke & Shakespear, 1975; Pastrans et sl., 1975), because
here also the serum unbound levels are normal,

From thewe facts it can be appreciated that there is some
relevance in studying the urinary excretion rates of the thyroid
hormones since these rotes reflect the unbennd serun concentrations
of the hormeones. However, the quoted values by different groups

(Table V) differ significantly.
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TABIE V ¢ Values of urinary thyroid hormones (1112/2/.1}1) in

euthyroid adults and 5n disease states (mean = S.De(n))

28 recorded in the literature.

TRITODOTHYRONING
Chan et Barke & Shakespear, Rastogl et ale/
1972 1975 1974%
Buthyroid 2.9 4 0.5 1091 + 04 (44) 7 (10)
Pregnant 3.3 4+ 0.8 1,05 + 0.45 (22) 10 (90)
Hyperthyroid 9.3 4 3.8 6.T4 + 5:08 (45)
Hypothyreid 09 4 0.5 0.44 4+ 0.75 (16)
THYROXIHE
Chan et Barwe & Shakespear, Rartogl et al.;
1972 1975 1974*
Euthyroid 8.0 + 2.1 (44) 1.97 4 0.82 (38) 13 (10)
Pregnant
or oral
contraceptive 8.1 + 2.0 (24)  1.61 + 0.79 12 (10)

Hyperthyroid 19.3 + 8.8 (17)

Hypothyroid

2.8 % 0.9 (12)

8.08 + 5.42 (42)
0.78 4 0.9 (16)

¥ Calculated from graphic dsta supplied by Rastogi et 2l., (1974).
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Current Techniques for the Measurement of Thyroid Hormones

in Urine

Competitive Protein Binding Method (CPEL

In the earliest method reported (Chan & Landon, 1972) acid
urine was extracted with ethyl acetate and the evaporated extract
was subsequently assayed by. a competitive protein binding method,
A mean value Tor the urinary excretion of unbound thyroxzine in
euthyroid subjects was found 1o be Sug. per 24 houre with higher and
lower values for hyperthyroid and hypothyroid patients respectivelye
Mach lower valuss were reportgd by Burke et als., (1972), who extracied
urine on Sephadex columns, This disparity was partly explained by
the inclusion of ecompounds which competé in the prolein bindirg
system resulting from the ethyl acetate extraction (Black et alo,
1973) and the hydrolysis of the hormone conjugetes by the acidification
of the urine (Chan, 1974). Tn general, most workers (Shakespear &
Burké, 19765 Black et ale, 19’(5) agree that competitive protein
binding assay methods give higher thyroxine valuesg compared to those
measured by radicimminoassay technigques. It is concluded that sone
of the many thyroxine metabolites are measured by the competitive
binding assay system because quite a number of thyroxine peptide
derivatives can displace thyroxine from thyroxine binding glotulin
(Tabachnick et ale, 1971)e Black et ale (1975) have run a comparative
gtudy of competitive protein binding and radioimmunocassay as a means
of measuring urine thyroxine (Table VI) and concluded that the

conpetitive protein binding method overestimated the true value of
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omparison of the compeititive protein binding and
£

s C
o

=dioimmunoczgsey metheds for urinary thyroxine

performed on the sseme samples (Black et al.. 1975)

AGult Group

Radicimmumnoassay

Competitive protein
binding

exemined (ng. per 24 hours) (ng. per 24-hours)
icdothyronine Thyroxine Triicdoiayronine + Thyroxine Thyroxine
i
Bathyroid 1.0 £ 0.35 123 £ 0.49 223 4+ 0.T1 2,0 + 0.63
Hyperthyroid 4.5 + 2,63 5.57 % 539 101 £ Ta7 6o1 % 365
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thyroxine by 60 per cento. TFurther this overestimastion could not
have been due to measurement of triiodothyronine as the authors
concluded that only 10 per cent of the urinary triiocdothyronine

is measured as thyroxine by the competitive protein binding
technique. 1In hyperthyrold subjects urinary thyroxine assayed by
a competitive protein binding technigue was considerably less than
the sum of urinary triiodothyronine and thyroxiune meassured by
radioimminocssay. Thus competitive protein binding wethods for

urinayry thyresine overestimates the tiue value.

Rodioimmiosssey Methodology (RIA)

With this methoed there is a disparity bebtween the values
reporied by werkers and they regard cross reaction bhetween the
hormone metabolites in urine as the main defect of the method
largely becounse the respectively raised antibholdiez bind variously
different metabolites guantitatively. This luter observaetion is
demensirated in the excessively bigh normal values for urinary
triiodothyronine and thyroxine reported by Rostogl et al., (1974)
who employed radioimmnoassay on unextracted vrine even although
these workers excluded significant cross reaction with a mumber of
hormqne conjugates and metabolites in their assay system. Shakespear
& Burke (1976) examined the effect of storage of urine at alkaline
pH (by addition of sodium bicarbonate as preservative) under
different temperature conditions., Although their mean results
(Table VII) suggest that triiocdothyronine and thyroxine are more

gtable in urine stored at —20°C compared to thoze stored at 4°C



TABLE VIT ¢ Effect of storage of yrine at various temperatures on

thyroxine concentrationg measured bv radiocimmunoassay

(Shakespear & Burke, 1976),

Days of Hormone found as perceuntage of that found in fresh
Storage urine. Mean of 8 uwrires (and range)
Temperature 23°¢ 2°¢ -20°¢
0 100% 1007 100%
4 days 111.9% 102, 4% 104 5%
(107 e4=13363) (86.5-115.2) (97.9=111.4)
8 days 16007% 119.5% 124..8%
(317 e4~22141) (104¢3-15041) (11169-139.8)
14 days 104 .9% 119.8% 113.8%
(41.7-165.9) (106.5-131.5) (10242-122.9)
36 days — 129.9% 125.5%
(115¢7=150.6) (115.7-141.5)
123 days — S 106.9%
(95.6=11343)
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and at room tempereture (23°C), values found for individual urines
were unpredictable even for those stored at ~20°c, some rising and
gome falling. Additionally with increase in storege some urinary
thyroxine levels rose linearly while trilodothyronine levels
decreased linearly. Wilkineon & Bowden (1960) have shown that
iodothyronines decompose at room temperaiure in alkaline pH after
two days.

These data question the specificity of the current radioimmzno-
assay methods and confirm the doubt of other workera (Uaitan et 2l,,
1975) that by RIA the ultrafiltrate, the conjugates and the
metabolites of the thyroid hormones should be assayed as wells

Excess proteinuria is another complicating factor (Purke et ai.,
1973)e Burke & Shakespesr (1975) found that urinary thyroxine was
overestimated in an RIA zysbtem when the protein excretion rate was
greater than aprroximately 150mg. per day. In the same report they
showed that the level of triiodothyronine way insignificantly
affeqted by physiological amounts of proteimuria while a little
increase in protein (250mge per day) excretion led to under-estimation
of triiodothyronine. Thus when the trijodothyronine level in uriue
is low (as in sthyreosis) a small amount of protein in the urine
will exert a relatively greater effect on the radioimmunoczssay sys{em
than when the triiocdothyronine level is high (Gaitan et al., 1975).
Also, the uwrinary thyroid hormone assay by the radioimmuncassay
method is of limited value in paiients with more than physiological
proteimuria. In the nephrotic syndrome there iz a considerable loss
of thyrovine-binding protelns and protein-bound hormonal icdine

(Rasmussen, 1956), and it can be appreciated that lesser degrecs of
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proteimria are not without their effects on a radioimmmoasmsay
system. TFor thyroxine~binding globulin has a.molecular weight
59,000 and elbumin a molecular weight of 69,000 and therefore both
are readily lost to urine when the pathology permits. ITn & recent
report {Mnucsne et aley 1977) euthyroid patients with renal disease
were shown to have a renal lossg of thycovine estimated by
radioimmunoassay greater than the average normal daily loss by
ten=f0ld, whereas in the same patients the loss of triicdothyronine
was slightly less than the normal range and indeed the levels were
in the range found in hypothyreid ratienits.

Radioimmunoassay methods thercfore oltbough technically mimple
and expeditiocus are disadvantaged by factors beyond the investigator®s

control,
Proposed Hethodology

Gas/Liquid Chromatography of Updnary Thyroid Hormones

The jodotyrosines and iodothyronines, by virtue of their
sttached halogen groups are ideally constructed molecules for
activation against the electron caplure detection of the gas ligquid
chromatography systeme The use of gas liquid chromatography as a
method for determindting the level of thyroid hormones in
biological fluids, would have obvicus advantages. There is a high
resolving power, the clean separation of triiodothyronine from
thyroxine and the ultrasensitive electron capture detection technique

for the final quantitstion of the very minute physiological amounts
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of thyroid hormones as might be expected in the urine.

If a gas liquid chromatography method were practical for
estimation of free urinarytriiodothyronine and thyroxrine then
clearly linkage to a Mras-Spectrometer would help to detect and
identify compourds and their quantitation at femtomele level.

This present work aims at establishing o gas ligquid chrematography
method and studles in this direction may de of help Lo belter
understanding of thyroid metabolism.

Already both flame tonisation detection (FID) sud electron
capture detection (ECD)(6}N1) have been used successfully in the
analysis of derivatives of thyroid related iodoamincacids
(Jankommalki & Stcuffer, 1967). While various authors have confirmed
the practical nature of this form of quantitation, T have besn
unable to find published work on the application of the gaslliquid
chromatography methodology for the quarntitation of thyroid hordones

extracted from vrine. It is here that T pionecer a suitable

procedurc.



CHAPTER 2

MATERTALS AND METHODS

Introduction

In this thesis I intend to present data on the urinary
concentration of the active thyroid hormones estimated by a
method utilising gas licquid chromatography for the final quantitation.
I have chosenr such & system because the use of radicactivity is not
absolutely escentials Although here I have used itrace smounts of
radioactively labelled thyroxine in recovery experiments and to test
the reliability and reproducibility of the method; if the method
satinlies accepbed criteria, then the omission of repeated recovery
experiments in certain circumstances may be permdssibles In Cairo,
where I shall =mubsequently be practising, facilities for the purchass
and quentitation of radicactivity are not froely available.

"In the following pages I describe my methodology.
Materials

Chleroform, ethyl acetate, isopropaznol, methancl, methyl
acetate, triethylamine, trimethylpentane (isooctane), anmonia
solution; ammonium acetate, formiec acid, hydrochloric acid, and
godium hydrogen bicsrbonate were obtained from British Drug Houses
(BDH) Chemicals Ltd., Poole, England, and were whenever available of
“Analar" specification. Hydrochloric acid was obtained in two forms

viz. concentrated liquid and hydrogen chloride gas (99.6 per cent )



(0.5 1b) contained in monel metal cylinders equipped with an adaptor
and control valve.

Dry methenol (completely water—free) end dimethyldichlorosilane
were purchased from Applied Sclence Laboratories, State College,
UeSchs and were used without further treziment,

Toluene (scintillation grade) was obtained From Koch-Light
Laboratories Litde, Colnbrook, Buckinghsnshire, Both PPO (2,5-diphenyle
oxazole) and POPOP (1,4~di(2-(5-phentioxozolyl )=benzene)) were obtaired
from Hopkin & Williams Tid., Reédipg Industrial Bstate, Falkirk. IFronm
the same fivm T obtained rice starche

Ninhydrin spray (0.5 per cent in n~butorol) was purchased as an
aerosol Trom Moy and Baker Lid., Desennam, Fssex. Trimethylacetic
anhydride (pivalic anhydride) {99 per cent pure by golecs) was
bought from Aldrich Chemicel Co. Iid., 204 Water‘ﬁoad, Wembley,
Middlesexs

Merk silica gel Fb54 (type 60) wss yurchased from Anderman & Coe
Itde, Central Averme, Fast Molemey, Surrey.

OV-17 (phenylmethylsilicone) snd high perfermence (HP) Ces
Chrom Q mesh 100-200 were obtained from Phase Separations Lids,
Deeside Industrial Estate, Queensferry, Flintshire.

The icdinated aminoacidsj 3-monoiodotyrosine, 3,3-diiodotyrosine,
3,5~diicdothyronine, 3,5,3%triiodcthyronine and thyroxine were
obtained as the free acids from Sigma (London) Co. Itd., Norbiton
Station Yard, Kingston-Upon-Thames, Surrey. From the same firm T
obtained Dowex 50W-X2 (H') mesh 100-200,

Phyrozine-2e4C (side~chain label) Sehe 30.4 mC/ull was supplied

by New Yngland Nuclear, Albany Street; Boston, UdSeho
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Silanisation of (lassware

The %hyroid hormones tend to be adsorbed to glassware (Lee &
Pilegei, 1971)e When low urinery levels are the order, this
adsorpiion could create significant prcehlems in terms of accuracy
and reproducibility of the method. Clean glassware surfaces were
therefore ensured by rinsing all glassware for 15 minutes at room
temperature with dimethyldichlorosilane (5 per cent) in toluene,
followed by a rinse with methanol. Af%ter drying in air the
glassware was dried im an oven for 4 howrs (140°¢). 'his
silanisation procedure was used throughout the entire work on &1l
glassware which would be intimately in contact with the thyroid
hormones. The dimethyldichlorosilane cffectively reacts with
active sites on glass surfaces, i.e. converting the polar silanal
groups intc more inert silyl ether groups. Additionally the
methanol inactivates any remaining chiorine atoms. These procedures
together with the prolonged heating give the gless surfaces the

desirable feature of ¥inertness®.
Preparation of Solutions and Substances

Vorking solutions of ammonium hydroxide (0.5: 2.0% 5,0 and 7.5
molar solutions) were prepared from ammonia solution (AR) (s.g. 0.88),
by adding respectively 28; 112; 320 and 420ml. to 1 litre of deionised
water.

Hydrochloric acid (1.0 and 5.0 molax solutions) were prepared

from concentrated hydrochloric acid (AR) (S.ge 1.18), by adding
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respectively 86 and 430 mle Yo 1 litre of deionised water.

Ammoniunm acetate (0015 molar solution; pH 8.5) was prepared
by dissolving ammonium acetate (AR) (11+6g) in 1 litre of deionised
waters The pH was adjusted as necessary by the addition of sodiunm
hydroxide (5.0 molar solution)e

Sodium hydroxide (550 molawp solution} was peeparaed by
dissolving sodium hydroxide (AR) (40 g) in freghly boiled and
cooled deionised water (200ml.). The solution was stored in &
glase boltle fitted with a rubber stoppere

Deionised water was prepared by a walter purification apparatusg
(Elgastat; ¥ndel B, 102, Elge Products Ltd., Fngland). Delonised
water was &e»gassed by boiling followed by cooling, nricr to0 use in
the preparation of all agueous solutions for and in colum
chromatographic procedures.

Saturated hydrochloric acid/hetbaabl solution {25 per cent w/?)
vag prepered according to Taju&din & Elfbaom (1973) although medified
as wnder. Dry methanol (10 ml.) was pippetted into a dry centrifuge
tube (25 ml.) snd weighedo The tube was then placed in an ice-bath
in the fume cupboard and a stream of hydrogen chloride gas bubbled
through the methanol for approximately 1% minutese Thereafter the
tube was removed from the ice, rapidly dried and weighed. This
procedure wasg repeated until an approximate 25 per cemt increase in
the test~tube weight was observed (uswally after 15 mimutes). This
solution was always prepared immediately before use.

Pivalic anhydride ({rimethyl acetic anhydride) was used as
supplied. Upon receipt, it was divided 4into 1 ml. alicquots and

gtored in small brown vials sealed under nitrogen. The vials were
g
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stored in the dark at ”4000 The reagent wasg used within one
month (Wihei et ale, 1971) of purchase.

Solutions of the lodoaminoacids® were prepared by the method
of Pitt-Rivers & Schwartz (1967). Thyrozine (Smg.),
trilodothyronine (5mge), dilodethyronine (3mg.), diiocdotyrosine
(3mg.), and monciocdotyrosine (3mg.) were dissolved respectively

in methanol/0.5 molar ammenie (2:1, v/v) (1ml.) and stored at 4°C.

Thin Layer Chromatography Plates

Thege were prepared in the laboraicry by adding to deionised
water (O7mle) rice starch (0.75 g) asd bolling the mizbure for
10 minutese When the starch mixbture becsmse translucent, silica
gol Fb54 (type 60)¥* (30 g) was added and homogenised in a blender
(top speed ¢ 4 mimte)e Spresding of »lates (20 x 20 cm) was
effected by & motorised thin layer cooter {D.25um leyers). The
plates were then dried in air for 8 houre at room icmperature,
followed by washing ( 2 x) in c¢lean methanol. The coated plates

were stored dry in glass tanks sealed with wage

# fThese compounds are quite insolinble unless the pH is high
enough for ionisation of the phenol ring structure.

% Medium=porosity silica gel; mean pore diameter 60 Angstrom
units, The added inorganic luminiphore can not be eluted
and fluoresces strongly when viewesd under short-wave
ultraviolet 1ight (mawimum 2547m).
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Radiocactively Labelled Thyroxine

Thyroxinem2w140 (Soho 30.4 mC/mM) was stored at -20°C as a
crystalline solid in a screw=cap bottle. By this procedure there
is less than 1 per cent degradation ammally (mexmfacturer®e data)e
Prior to use it was purified by thin layer chromatography as follows:
A small amount of crystalline material (approzimately 5.55 x 106
depele ) Was dissolved in methanols 0¢5 molar ammonium hydroxide
(221 v/v) solution (60ul). Samples were guantitatively applied to
the thin layer (as prepared) using Jisposable glass microsampling
pipettes, and sided by a thin layer chreantography tray and spotting
guide (Baird & Tatlock, Lordon). Repid drying was effected by a
stream of cold air from an air blewer (Rapmae Ltd., Watford, Hertse)eo
Unlabelled thyroxine as a reference compound was spotted on side
lanes. The plates were developed in ceveral solvent systems nntil,
on radiochromatographic scanming, o single peak of Gaussian form
was oblained, The thin layer chrometography tanks were lined with
Whatman 3 M{ chromatography paper (Reeve Angel & Coe, New Bridge
Street, London), and sesled with a ground glass lid. The plates
were allowed to dry after development.

A single peak of Gaussian form was tsken as indication of
purity. The solvent systems used were butanol: acetone: 10 molar
ammonium hydroxide (50:25:18, v/v/v), methyl acetate:isopropanocls
5 molar ammonium hydroxide (45:35:20, v/v/v) and chloroform:
methanol:formic acid (70:15:15, v/v/v)e As much as % per cent of
the radiocactivity in the commercially supplied yadioactively

labelled thyroxine was removed as imparitye



=38

Areas of radioactive thyroxine were located on the thin layer
chromatograms using a Pamax thin layer radiochromatogram scamner
Vodel RTLS LA (Panax BEquipment Itde, Redhill, Surrey), in conjunction
with a Smith®s flatbed recorder (Smith's Industries Itdo, Tndustrial
Instrument Division, Kelvin House, Wembley Park, Middlesex). The
detector carvier gas was a mixture of argon (2 per cent) and provane
(98 per cent) (British Ozygen Company Ltd., Special CGases Department,
Deer Park Road, LondonY. The gas floy rate was regulated to 50ml.
per mimvtes The Geiger—Hiller detector was sdjusted to a height of
approximately 1 mm. above the thin layer plate and all plates wexo
scamned using the 15 x 1 mm. detector aperture, The debector
voltage was eet at 1,040 Vi the detector dead time at 200 msec. end
the discrimingtor bias at 10 mVe A time comstant of 100 seconds
and a scamnlug speed of 30 mme. per hour was enploved. The fange of
counting varied with the amount of radiocactivity to be scarmed.

According Yo peaks of radioacﬁivity obtained by the tracing
the Bf value of thyroxine in the solvent systeuns used is shown in

Teble VIII.

TABIE VITT ¢ Rf Value of thyroxine-2w14c in three solvent systems

Solvent system Rf value

Butanoltacetone: 10 molar ammoniuwm hydroxide
(50:25:18, v/v/v) 0470

Mothyl acetatetisopropanoclol:5 molar ammonium-
hydroxides (45:35:20, v/v/v) 0659

Chloroform:methanol:formic acid (70:15:15,v/v/v){0.50
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The silica over the avea corvesponding to the peak traced énd
to the loci of the cold standard was loosened from the thin layer
plate using a disposable scalpel blade (Gillette Surgical, Great
West Road, Teleworth, iiddlesex). The loosened silica was drawn
by suction (ART Motor & Control Division, Newcastle, Staffs.)
through a vacuum thinble filtere These filters consist of a
gintered glass filter disc (approximately 10 mm diameter) encased
in, and al one end of, glass tubing (40mm) to whick at each end
narrower tubing (3 x 20mm) is fuseds, These devices are a simplified
version of whe "vacuum cleamers" described by Matthews et al.(1962),
The thimbier were then lnverted and the material eluted by filtration
through the sintered glass base of the thimble (Flgure 4). Methanol:
ammonivm Lydroxide solu#ion (3 x 2mle) wag used for elution. The
elvate was dried (in a water bath at 40°C) under » stresm of dry
oxygen=-iree iitrogen.

The yurified labelled thyroxine was siored &b ~20°C in methanols
0.5 molar ammonium hydroxide (221, v/%) al 2 concentration of
approximately 20,000 depeno per 50 ul, Working solutions were used

within two weeks of preparation.

Tigquid Scintillation Counting

Radiocactivity was measured by liquid scintillation counting
using a Nuclear Chocago Mark I Scintillation Computer (Nuclear
Chicago Corporation, Inc. Des Plaines, Illinois, UeS.A.), calibrated

3

for simalianeous counting. of 140 and “H employing three channels.

The scintillation fluid was toluene based and contained PPO



Figure 4

: Extraction thimbles used for the collection of silica

from thin layer chromatopTachv elates. Elution of
lodoandnoacids from the silica vras facilitated by
percolation of solvent through the silica and sintered
glass filter disc of the inverted thimble. The eluate

was collected in test tubes,
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(2,5-diphenyloxazole) (4g per litre) as the primary secintillator
and POPOP (1,4~di(2~(5~phentloxozolyl)=benzene) (0.05g, per litre)
a8 the secondary scintillator. Quenched standards (Fuclear

Chicago Corporation Inc.) containing an identical scintillation
solution were used to establish quench corvection curves employing
external standard channels ratio techniques. The external standard
of 13BBa ig incorporated into the sointillation counters Samples
for assay were contained in scintillat on fiuid (20ml.) and counted
for 20 minutes. Aqueocus samples containing rsdiocactively labelled
thyroxine were blovn to dryness under nitrogen at 40°C, and then
redissolved in the seintillation fiwid. A4ll results of such ligquid
scintillaetion counting are expressed as disintegration per mirvte
(depem.) taking account of the counting efficiency of the apparatus

a8 calculated by chammels ratio.

Jixperimental Procedures
The procedures %o be considered in this work are ithose
designed to extract and derivatise urinary thyroid hormones so that
cquantitation by gas ligquid chromatography would be pessible.

~

Extraction of Urinayv Thvroid Hormones

Urine is not applied directly to a gas liquid chromatography
column. Substances in the urine arc almost certain to interfere.
An extraction step is unavoidable. This extraction procedure must

pexmit ‘the removal of proteins and cther substances which might
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interfere with the subsequent derivatisation, chromatographic
separation and detection by electron capture detection. The use

of the latter dictate stringent requirements for an extraction
procedure. Although there are no described methods for extraction

of the thyroid hormones from urine prior te gae liquid chromatography
application, there are published preparative procedures for the
quantitation of urinary thyroid hormones uging competetive protein
binding and radioimmincassay methods,

Chan and her associates (Chan et ale, 1972) has reported the
application of a competitive protein-binding assay (CPB) for the
estimation of thyroxine (T4) in urine ané Padioimmunoassay (RIA)
for the estimation of triiodothyronine (T3) in vrine., Both methods
utilise extraction of one volume of urine (pH 4) with three volumes
of ethyl acetate prior to the actual assay procedure. DBlack et ale
(1573) using a different extraction procedure (cation exchange
resin (Dowex 50) column), but the same agsay method (ccmpetitive
protein~binding) have found urinary thyroxine levels markedly lower
than those of Chan. They suggest thai the extraciion procedures
used by Chan produce hydrolysis of conjugates and they have
questioned whether the method might not also promote partial
deiodination of thyroxine to triiodothyronine. The values reported
by Black et al. (1973) have been confirmed by other workers
(Pastrana et ale., 1975), who used RIA and unexiracted urine. Also,
cation exchange resin columns have been used successfully prior to
gas liquid chromatographic quantitation of serum (Nihei et ale., 1971).

Thus the method of cation exchange chromatography (Dowex S0

W~X2; hydrogen form) (Sterling et al., 1969 — Backer et al., 1967)
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was worthy of trial for the extraction of urinary thyroid hormones

prior to gas liquid chromatography

Cation Exchanee Chromatosraphv of Thyroid Hormones

The use of cross-linked polystyrene cation (strong-acid form)
exchange resin for the smeparation of iofoamincacids from biological
fluid has been amply reported. This procedure has heen applied o
the extraction of thyroid hormones from serum (B;ker‘et aley, 19673
Sterling et als, 19693 Wihei et al., 1971; Tajuddin & Elfbaum, 1573),
thyroglobulin digest (Sormichi & UL, 1975: Ogawara et al., 19723
Rolland et ale, 1970), serum dialysate (Petersen e alag 1976) ani
urine (Black et ale, 1973). The sample is applied %o the coluvmn iz
acid pH and the iodoaminoacids eluted seperately by solvents of
gradually inereasing pHe

At acid pE, the 1odoaminoacids being almost cxclusively in
their cationic form, are siromgly held by the negatively charged
~ groups («SO;) on the resine As the pH increases, the ratio of
zwitterions to cations increases, resulting in the rapid movement
of the iodoaminoacids down the column (Plgure 5). If changes in
the pH of the eluting solution are made gradually in the regicn
where the state of ionization of the icdoaminoacids undergoing
separation is altered, then individual icdoaminoacids can be eluted
separately. By careful selection of a precise pH, it is possible
to control the relative rates of movement of the different
icdoaminoacids. The nature of the icdoaninocacid side=chain

markedly affects the arte of movement on the column., Increase in
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Fieare 5 ¢ Cation exchenze between Dowex 5OM-X2 ( 1) and iedoeminoscid
At acid pH, the icdoamincacid

at a,cid,_ and a.?.k:aline nediume.

being almost exclusively in ithelr cationic Formzs, are

strongly held by the negatively chaneed prounsy («saéj on

the vesin, As the pH incresses, the ratio of zwitterions

1o cationg increasey, resulting in the repid movement of

the iodoaminoacid down the colummn.
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the size of hydrocarbon side«chain groups progressively reduces
mobility. The presence of a hydroxyl group iﬂ the side--chain
greatly incxeases the rate of elution, when chromatographed on
a Dowex H50W columne

Alternatively all iodoaminoacids ocan be eluted simultaneously
usging either a mixture of concentrsted ammonium hydroxide with

water or alecohol (methamol or ethanol) at high pH.

Urine Collegtion and Storage

Urine collections (24~hours) wsre wsde in screw-capped opaque
plagtic hottles from patients in hospital. XEach total urine volume
was measured and the specimens were either processed immediately or
deep=frozen wntil assay within % days of the collecling period. Prior
to column chromatography, all uwrire sempics were de—gassed by means of
a vacuum pump, to aveid formation of sir pockets which cause
chammelling of liquid or even complete cessation of flow through the

column,

Volume of Resin and Urine Samnle

~

The expected amount of thyroid hormones in complete 24-hour
adult urine samples, by radioimmmoassay is approximately lug. of
trijiodothyronine and 1.5uge of thyroxine (Black et al., 1975).
There are no comparable values published for children. However I
expected lower levels in children than those from adulis because of

& possible correlation with body weight (Hufner & Hesch, 1973). It
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ig clear that the volume of urine to be extracted should be large
enough to yleld sufficlient hormone for final quantitation. Black
et 8l (1973) have extracted thyroxine from 10ml., adult urine and
used 3ml. resin prior to thelr coumpstitive binding asaaylmethod
for the final cuantitatlion. The competitive protein binding assay
method for thyroxine in urine has been shown to give high values
due to a contribution of urinary thyroid hormone metabolites and
urinary triiocdothyronine (Black et ale, 1975)s T have used 8mls

resin and 20ml. urinee

Preparation of Dowexr S50W~-X2 Resin

Stendaxd grades of resin, as supplied, require a preliminary
treatment 4o remove fine particles and soluble impurities (Gordcn
& Dastoe, 1964). The vesin (10-20g.) was placed in an Erlenmeyer
flask and well covered with deionized water. The resin was
stirred to bresk up clumpe of particles, so forming a suspension.
This was allowed to stand overnight to0 pernit fvll hydration
(Sterling, 1971). The supernatant together with the "fines®
(minute particies of resin still in suspension) was drawn off by
using 2 water suction pumpe The resin was again suspended in
more watery allowed {0 seitle, and the fines removed as before.
The procedure was repeated {4 x) until the supernatant water was
clear., Subsequently, the water was drawn off’, and the resin
covered with 5 molar hydrochloric acid. After shaking eand settling
the resin was washed with water until the water was neutral. This

acid treatment was repeated thrice. The resin was then covered
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with 1 molar modium hydrxide which latter was gpemoved after 4 hours.
The resin was again washed several times with water until the water

wag neutrale

Preparation of the Csition Exchange Resin Column

Ulass columns (Quick it CR12/10) were supplied by McFarlane
Robson Iti., Parnfield Avenue, Thornliebemk, Glasgow. These
~consist of glass reservoirs (75mle capacity) with their lower ends
olosed by = glass tap. The chromatographic glass column (120 x 10mm)
has 1te luwar ond closed by a glass tap alse and gbove this is fused
a sintered glass plate (porosity 0) to support the colum of resine
Columms were maintained vertical by clamping (Figure 6).

A 132 slorry of yesin in deionised waler (v/v) was maintained
in aqueous suepensicn using a multispeed siirzrsr. The speed was
adjusted to obitain s homogeneous suspension. The resin was then
transferved t¢ the column initially containing some water using
an inverted pipetie (10m1,)o The excess water wasg alloved to drain
from the bottom of the column as £illing prucesded so that the
water level was always above the surface of the resine. The resin
was added toc a height of 8 em. Subsequently the resin was activated
by washing with 1 molar hydrochloric acid (15m1.). This caused
ghrinkage of the resin. Then followed removal of the excess acid
by rirsing with water (30ml.) until the water washings were neutral
{0 litmus paper. This procedure caused the resin to swell again

(Backer et ale, 1967).
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Fjrgre 6 : Chromatorra-phic coluim used in extraction

of thvroid hormones from urine.
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Determination of the Operating Capacity of the Column

The method described by Inczedy (1966) was followed. The
volumes of urine to be extracted were chomen so that the whole
sample was applied to the remin bhefore the sctive hornones had
appeared in the eluste Fluide Purified iabelled thyroxine~e 3¢
was used to monitor the behavicur of the thyroid hemmonzs on the
colummne

To pooled urine from elinically euwtbyroid patie 45 (60mLe)
thyroxin@m2m14c (60,000 dopeme) was alded. This urine was
applied to the celumn at a constent rate (0.5nle per minute) and
the urine iecollaaﬁed in aliquots (Smle). Xanch ali¢guot was blown
to dryness in a water hath at 4000 uder o shream of nitrogen and

the radioactivity in each estimated. Breakthrcugh data were

obtained sccording to the formula for each aliquols

= G

depoina¥s iv esnsh aliquot of eluate fluid
'6(»

T

dePeme?s iv zimilar aliquot of the originzil urine

Figure T showsy the results obtained from a typical experiment.
Since these data indicate that such columms can retain thyroxine
in up to 30ml. urine, it was decided to use 20ml. urine in each

experiment so a3 to be well within the capacity of the column.
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Figure T ¢ Bresk throuch data to show meximum volume of urine
applied to columm before the comoounds of imberest

apnear in the eluate.. The 0/Co xsiio beine the. reiio

of dopame®s in each Sml, =limiot of wrine from the

column to the d.pemqs¥s in Smle uncolumned urine,

Breakthroush voint is the seventh alicuof. . Therefore

the column can accommodaie {oneratine capacity) up

to 6 x Sml, (30ml.) urine without leslking oyt hormones



Determination of the Minimal Volume of Solvent Required

for Elution of Thyroxine-—2w 0.

Urine (EOmlc) was applied to the resin as before. Prior to
elution, ammonium acetate (30ml.) (0,15 molar, pH 8,5) as sugpgested
by Sterling et al. (1969) was chosen to wesh through the resin bede.
In addition the ammonium acetate is able to remove wurinary proteins
which may have been rvetained on the resin bed. Methanol:ammonium |
hydroxide (417 molar) (9723, v/v); firet ussd by Tajuddin & Elfbaum
(1973) was vsed to elute the thyroid hormones from the colunne
Both solutions were applied to the colwm ut a flow rate of 0.5ml.
per mimute. The first eluate (30ml.) was discarded and aliquots
(2mle) representing the methanoltamncnium hydroxide phese were
collectede The radicactivity in each aliquot was assayed. The
findings axec shown in Fgure 8.

It will be noted that ewaotly Y5.403 ver cent of the original
radiocactivity ies contained in the {irst idml. of the column effiuent
collecteds Thus a volume of 18ml. wmethanoltammonium bhydroxide was
used for elution of thyroid hormones ifrom the columm. Thus
approximately 9% per cent of the radiocactivity and hence thyroxine
epplied to the columm can be elutede I have assumed thet similar

recovery of T3 ig possible.

Reproducibility of Column Extraction Method .

Ten duplicate samples of urine (20ml.) were prepsred as before

but each pair contained varying amounts of thyroxinem2m1400 Each
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(0e15 molar, pH 8,5). Nine 2ml, alicuots of
mobile phase (3 ver cent ammonium hvdroxide (17
molar) in methanol) were cnllected.
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urine sample was processed on the column as deseribed above and the
recovery of radiocactivity assessed in the methanol—ammonium bydroxide
phage (15mlp)» These vesults are shown in Table IX, Tt will be
noted that good duplicate results were obtained and that the recovery

rate was in excess, at all dilution, of 94 per cerb.

Nature of Thyroid Hormones in Column Extract

TFour colum extracts of urine (4 x 20m1o) 4o which wers added
separately beforehand monoiodotyrosine (iug.), diicdoiyrosine (1ug.),
diiodothyrenine (uge), %riicdothyronine (1uge) and thyroxine (luge)
were blown‘%@ dryaess in a water hath at 40°C ueing a stream of dvy
nitrogen. The brownish residue was applied quantitatively to a thin
layer chroumabtography plates Standards were spotted on Side‘lanesn
The plate was then developed in the solvent system methyl acotates
isopropancl:5 molar ammonium hydroxide (45:35:20, v/v/v) (Chaa &
Landon, 1972) for 150 mimutes (solvent fromt to i5cm.) (Figure 9).
The Rf values of the standard thyroid hormones and their precursors
are shown in Table X and Figure 10, It will be noted that in the
thin layer chrumatography system used complete separation of the

iodothyronines i3 not achieved.
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throuzk Dowasx 500 column using methanol/ammonium hvéroxide (15ml.) as elutant
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844.2 858.2

94.9 96.5

4403
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Recovery
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94.,03%

95.7%
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(1) 93

2) Tg &T
(3) JUT
(4) DIT

Fi/rure 9 : One~dimontion?”] thin 1?-ver chroTnato/rraphv of urine
extracts (by colurnn chrorr.ato/?raphv) in the solvent
system; methyl acetate; Isoprocanol; “5 rnolar
ammonium hydroxide ((IS;35170< v/v/v) for 1SO minutes
using standards monoiodotvrosine(MIT) diiodotvrosine
(DTT), diiodothvronine (T"), triiodothyronine (T?")
and thyroxine (T.~" on 'both sides as markers. The

plate vas photographed under U»V, light.
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: One-dimentional thin laver chroma.tograrhv of (from

right to left) monoiodotyrosine, diiodotvrosine,
diiodothyronine, triiodothyronine and thvrcxine
standards in the solvent system; methyl acetate:
isopropanol ;* molar ammonium hydroxide (/15:3":20.
v/v/v). Development for 150 minutes (solvent front

15cm.), The plate was photographed under U.V, light
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TABLE X ¢ ﬁf values of standard monolodotyrosine, diicdotvrosine

diledothvronine, triicdothvronine and thyroxine in the

solvent system methvl acetate:iscorovencl:5 molar

ammonium hyvdroxide (45:35:20, v/v/v) on thin laver

chromatorranhy, developed for 150 mimubes (Solvent
front 15¢m. e

Rf value
Compound
mean range

NMonniodotyronine 0.487 0e454 = 0.519
Diiodotyrogine 00282 06256 = 0,384
Diicdotiyconine 0.585 0,525 « 0,683
Triicdothyronine 00631 06612 =~ 0,700
Thyrorine 0598 06539 — 0,656

Derivatisgation of Urinary Thyroid Hormones

The thyroid hormones display a measureble volatility only ab
{emperatures at which they decompose (thyroxine at 23100)e Thie
resistance to volatility is due to the fact that thyroid hormones
have large molecules (Table XI) and the molecules are mutually
associated through polar groups (amino, hydroxy and carboxyl).
Also these hormones are considerably labile and oftten decompose
on contact with the reactive surxrface of a chromatographic support
or with metals, Thus it is necessary o prepare suitable
derivatives more volatile, less polar and suitable for gas liquid

chromatographic separation. MNorked enhancement of volatility and
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The molecular weights and melting points of monoiocdoivrosine.

Giicdeotyrosine, diiodothyronine, triiodothyronine and thyroxine

and their N, C~dipivalyl methyl esters.

Compours As icdoaminoacid® As N, O0-dipivalyl methyl ester®®
H&OH& W . g.&@o w‘MOHo Woe H.mo@u
VMonoiodchyrosine 307 205°%¢ 459 80°¢
Diiodotyrosine 433 213% 615 599
Diiodothyronine 525 256°G 707 93%
Triicdothyronine 651 .01 236°¢ _ 833 86°¢
Thyroxine 776.9 231°¢ 959 103°%

¥ Merk Tndex (1968).

%% Volpert et 2lo, (1970).




{5,

suppression of the above undeairable effects can be achieved by
effecting a derivatisé%ion that blocks the possibility of
intermolecular association and reduces the reactivity of the
cmwmuﬁ&‘

For the analyesis of thyroid hormones, which are knoﬁn to have
the highest molecular weight of all amincaclids, the choice of a
convenient derivatisation procedure is narrowed considerably (ses p.91
Discussion). FElectron capture detection of N,0-dipivalyl methyl
derivative (the only derivative adopted for serum analysis) allows
nanogram (ng.) ard picogrem (pgo) guantities to be detected
(Wibei et ale, 1971)e

T have used for the preparation of N,O0-dipivalyl methyl
derivatives icdoamine acid standards and urine extracts the method
described by Hzmilton (1973)e In detail the procedure s as shown
schematically (Figure 11). First, methylation of the carborylic
group with methancl in the presence of hydrochloric acid (as a
catalyst)e Second, Acylation of the other proton~carrying group
(amino and hydroxyl) by reactlon with excess of pivalic anhydride
in the presence of triethylamine to bind the acid produced {pivalic
acid)e

One problem however is linked to these derivatives. Tracszs of
acylation reagents (pivalic anhydyide and triethylamine) and the so
formed pivalic acid reduce the sensitivity of the eleciron capture
detector (Wihei et al., 1971). Therefare a purificstion step
utilising a thin layer chromstbography system originally described

by Stouffer et ale, (1966) was used before actual chromatography.
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Figure 11 ¢ Flow diagram of steps in the preveration of

N,O0-dipivalv]l methvl egter derivative of triiodothvronine

for gag licuid chromatoszraphv. First the terminal sroup

is methyvlated to Form methvl] triiodothyronine which is

then acvlated with trimethvl scetic anhvdride (pivalic

anhvdride) on the amino nitrogen and phenolic hvdroxyl

groun to form the methyl N.O-dipivalvl derivative of

trijodothvronine and an analogous derivative of thvroxines

The derivative chemical groupings are merked off with dots
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Preparation of Standard Derivatives

Authentic monoiodotyrosine, diiodotyrosine, ditodothyronine,
triiodothyronine and thyroxine (imge of each) was welghed accurately
using & Cahn electrobalance (Model-10). The samples were placed in
a separate acylation tube (5ml.) (Phase Separations Ltd.) (Figure 12),
To the tube containing the thyroxine, thyroxinem2m140 (20,000 depoto )
was added,

To each tube saturated hydrochloric acid~methanol (1ml,) was
added amd the tubes mechanically mixed (by Whirlimixer). They were
then incubated at 7000. in a thermostatically controlled oven
(Hotbox model, Gallen Kamp) for 30 minutes. Subsequently the
solution was evaporated to dryness under a stream of nitrogene.

To the dry residue dry methancl (20ul,) was added to aid
solubilisation of the residue. Pivalic anhydride (0.20l,) and
triethylamine (10ul.) were then added. The tubes weve closed after
displacing ihe air with dey nitrogen. After mixing, the contents
were heated for 30 minutes at 110°C 4o complete the derivatisation
process; i.e. the formation of Ny;O=-dipivalyl methyl ester. After
cooling, the derivatives were evaporated %o dryness in a sandbath
&t 40°C, uging a stream of dry nitrogen. A thick brown oily "
residue was obtained.

Acylation of the methyl ester may occur at the amino or
hydroxyl terminals (i.e. the N= or O-monopivalyl methyl ester)
separately or concurrently to form the N4O-dipivalyl methyl ester.
Quantitative conversion of the standard compounds to their
¥, O-dipivalyl derivatives was determined by applying the dried

vresidue (taken up in dry methanol) to a thin layer chromatography



Figure 12 ; deviation tubes used to form the derivatives.
These are heavy walled reaction tubes sealed
by means of a two-ciece threaded aluminium

coupling. The too has an internal Teflon

sealing disc.
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plate. The plate was then developed in the solvent systen
chloroformsisooctanesformic acid (20:1051, v/#/v) for 75 mimites.
The lane conbaining the radiocactive thyroxine was scanned (Iigure
13)s A single peak was found to correspond to the srea of "cold"
thyroxine W;O-dipivalyl methyl ester as seen under ultra violet
light (Migure 14)e The silica over the areas containing the
respective dipivalyl methyl esters were vemoved and the purified
derivativis eluted with methanol. By comparing the rodioactivity
of the ester with that originally added, an esterification sate of
99 per cent was achieved, It is assumed in this work that the
conversion rate of the other compounds is of a sinmilar orders

The W;0-dipivalyl methyl esters were redisseclved in ethyl
acetate to make a final dilution of 1ug. in 1.0ul. (for flame
ionisation detection) and 10nge in T.0ule (for eleciron capture
detection) taking into account the efficiency of the derivatisation
process, Gas liguid chrometography of mtandards esterified in this
way were stable and they gave a single pesk on the tracing (Figures

15 and 16) The standard solutions were stored in the dark at w4°ﬂ.

Derivativisation of Urine Extracts

It will be recalled that on page 53 column extracts of urine
were purified by thin layer chromatography in the smolvent system
methyl acetatetisopropanol:5 molar ammonium hydroxide (45:35:20,
v/%/%). The eluate from the thin layer plate was dried under a
stream of nitrogen at 4000 for 20 minutes. The drizd residue was

derivatised as demcribed above. Afier removing the excess reagents
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Fiegure 13 ¢ Radiochromatogram scan of N,O-dinivaly) methvl ester

. 14 . .
of thyroxine—2-- “C on thin laver plate using Panax

Radiochromatosram Scan (range 3 c.DaS,., time constant

100 seconds and sveed 30pm, ver hour) after develooment

in the solvent svstem: shloroformi:iscoctane:formic acid

(20:10:1, v/t/&) for 75 mirmtes.

The sinszle peak

corresponds to the area of cold thvroxine ¥, O-divivalvl

methyl ester when viewed under ultra violet 1ight

(I pure 14).
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rigij-t to left) !7,0-dipivalvl methvl esters of
monoi odotvrosine. diiodotvrosine, diiodothvronine,
triiodothyronine ar.d thvroxine standards in the
solvent system; chloroformtisooctene:fornic acid
(20:10:1, v/v/v) for 75 minutes, as seen under

ultra violet light.
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Figure 15 : Tracing obtained from isothermsl gas liemid

chromatozranh& of standerd N,O~dipivalyl msthvl

esters of diicdothvronine (’1’2)q triiodothyronine T,

and thyroxine (T ) (after purification by thin laver

chromatogranhj).
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under nitrogen, the derivatised residue was dissolved in 50ul. of
ethyl acetate and a Sul. volume was injected into the gas liquid
chromatography system. Preliminary experience indicated (Mgure 17)
that further purification of the derivaitives wag required before
gas liquid chrowatography—electron capture debsction was attempted.
This purification was achieved by thin layer chromatography in the
golvent system chloroform:isooctanesformic acid (20310:1, v/v/v)
utilising purified standard esters as markers (Flgure 18). The Rf
values of the standard N 0~dipivalyl methyl esters of the thyroid

hormones and their precursors are shown in Taeble XTI,

TABLE XIT ¢ R,

diiodothyronine, triicdothvronine and thyroxine,

values of standard monoiodotyrosine, ditodotyrosinz,

N, O=dipivalyl methyl esters on thin layer chrometosizphy

developed in chloroformsisooctane:formic acid (20310&1&
v/v/v)_for 75 minutes (solvent front 150m01&

_ Compound
As N, O0~dipivalyl methyl ester Rf
Monoiodotyrosine 0.29
Diiodotyrosine 0.32
Diicdothyronine 0:36
Triiodethyronine < 0445
Thyroxine 0,54

Although meximum and minimum Rf values are close,
geparation from unwanted material is satisfactory
“and subsequent gas liquid chromatography separation
of the individual horvmone esters is good (Figure 8.
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Figare 17 @ Gas liquid chromatographic (FID) tracing of

derivetised thryroid hormones extracted from urine.

This many peake indicates that the crude esters

require further varificstion before vroceeding to

oleclron capture detection gquantitation,.
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non-horraonal
material causing
pec-iles in tracing
Figure 17*

urine extracts in the solvent Rvstcm; chloroform:
isooctane:fornic acid (2C:1C:1, v/v/v) for 75 minutes
using stand2l'd esters of monoiodotvrosine (1),
diiodotyrosine (2), diiodothvronine (3), triiodothyronine
(4) and thyroxine (™0 on 'both sides as markers. The
plate was photoaranhed under ultra violet lirht. The

test samples are seen.more faintly in the centre lane.



Gag Liciid Chromatography

Preparation of Gas Licuid Chromatography Colum

Only a few liquid phases fulril the stability reguirements
for high temperature analysis of the dipivalyl esters of thyroid
hormoneg. These temperatures range from 250”30000u The stationary
phases used by other workers were 0V, 0V-17, SE-30 and Dexil~300,
The linear polyorganosiloxane OV=17 (methyiphenyl orgenic groups)
wused by Hamilton (1973) possesses high cuemical and thermal
gtabilities up to 350°C¢ However, the 2 per cent ceating employed
by the above author is not effective in deactivation of the support
(Cas~Chron Q) and it requires for fuil effeciivensess wmilane treatment.
This treatment reduces peal tailing to a conmiderable degree.

In order to reduce the adeorpiion preparties of the support,
two treatments are usually necessary, Wrstly acid washing with
strong mineral acid in order to remove metallic ions, and secondly
deactivation of the support with s silanising agent, which converts
the polaxr silanal groups into more inert silyl ether groups. An
additional special treatment of the support by prolonged heating at
14000 for 4 hours at least gives the support the desirable feaiure
of inertness. Such supports are usually identified commercially as
"High Performence Grades™. The type used in this investigation was

Gas Chrome Q.
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Coating the Support with Liquid Phasge

The OV=17 solubtion was prepared by dimsolving the OV-17 (1,5g.)
in chloroform (100mls), ieeo 1.5 per cent solution of ov-17, (W%/&)o
A 1.5 per cent solution of 0V=17 applied to Cas Chrome @ (15g) gives
a 3 per cent coating on the Gas Chrome Q, (100-120 mesh), (Gray,
1973) s

The phase solution was applied t¢ the support as described by
Streeet (1969} The phase was introduced to the suppert under
vacuun and the vacuum maintained. The mixbure was gently agliated
to dislodge Ttubbles, The vacuum was then released and the suspeusion
allowed to'siand al atmospheric pressure for a further 5 mimttes.
The slurry was transferred ﬁc 8 Buchner furmel and filtered under
vacuum. Suctlion was discombinued afber removel of excess solvent
but before the sclid residue in the funnel wasg dry. The coated
support was then gently transferred to a wateh glass (200mm) and
allowed to Gry in air for a few hours. The material was then dried
in an oven &t 100°%=110°C for 1 hour. It was then ready for pzoking

into & columne

Preliminary Silanisation of the Column

Prior to packing, the empty 5 feet stainless-steel columm
(4mﬁ internal diameter) was rinsed with concentrated hydrochloric
acid, washed with deionised water, silanised with 5 per cent (v/v)
dimethyldichlorosilane in toluene for 15 mimites, and then rinsed

with methanol and; after thorough drying at 100°%=110°C Tor 1 hour,
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the column was packed with the prepared coated support. If urine
samples contain a very low concentration of thyroid hormones,
sllanisation of the inside wall of the column prior %o packing

will help minimize sample adsorption probloms (Ebrning? 19687 .

Packing snd Conditioning the Column

The detector end of the column was comected to o water pump
and gantle suction applied. The open end of the column was héld
upright and the coated support poured into the tube through a smail
filter furnel attached by clean rubber tubing.e The column was
topped gewbily neing a hand vibrator (Phase Sceparations T4de ) e
A silaniscd glass wool plug was imserted inte the injection end of
$he column aad the coluum linked to the gas liould chromatography
apparetuse

The 0V--17 liquid phase has a maximum operating temperature of
350000 A slow flow (increasing from 10=4Cul. ver minute) of nitrogen
carrier gas (oxygenmfree) was maintained +hrough the column as the
tenperature of the oven was raised slowly to 335005 In this way
excess phase "pled" from the columm. Conditioning at this
temperature was allowed to contime overnighl before coupling the
column to the detector. The optimum efficiency of a packed colum
ie dependent upon the ratio of particle size and the bore of the
columne The accepted particle size is 100200 mesh with 4dmm intermzl

diameter colums (Pye Unicam Data)e.
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Gas Lioguid Chromatography Apparatus

The Pye Series  Model 85 heated electron capture/flame
jonisation detector programmed gas chrometographic system obltained
from Pye Unicam Ltde., York Sitreet, Canbridge, England was used.
Flame ionisation detection (FID) was used to determine the column
geparating powers in asscciation with the followlng gas flow ratess=

oxygen~ires nitrogen carrier gas .- 40al. per minute;

hydrogen = A0ml. per minute and ain - 550ml. per minute.

A1l gases were supplied by the Dritish Cuypen Company Idd. Gas
purifying bostles, packed with Moleouler Seive 13 X (Pye Unicam Ltd.)
were fitted in all gas supply lines. to vemove traces of moisture
and hydrocarbons.

Electron capture detection (WD) veing s 1Om063ﬂi gource and a
pulsating voltage of 150 ul was enployved in the final seperation and
quantitation of exiyrects from urins.

The gas chromatographic curves were ovbsined on a 1 mv Philips
flat bed recorder. Model PM 800C (Pye Unicam itd.) operated at a

chart speed of 2,5 mm per minute.

Operating Conditions of the Column

The separating powers of the column were determined by FID.
Urine extracts were quantitatively analysed using ECD together with
the recovery rates of radiocactive material which had been added to

the wrine sawples initially.
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The 5 foot column prepared as described did not give a baseline
separation of triiodethyronine dipivalyl methyl ester and thyroxine
dipivalyl methyl ester (Figure 19). Such a colum was replaced by
a shorter one (3 foot), and the carrier gas (nitrogen) increased to
60ml. per minuter. Resolution of these thyroid hormone derivatives
was satisfactorily achieved using both an isothermal (29000) and
{emperature programmed (220%-300°C) oven (Figure 20 and 21). Suoch
columns were therefore used throughout the investigation. Tt will
be noted that Mgure 21 shows better separation of the various
lodoaminoacids than does Figure 20. The oven temperature was
programmed such that after 12 mimtes of initlal hold at 22000,
the tempersiare was allowed to increase at 2% per minute from
220°C o 300°C with a final hold st 300°C for 5 minutes. The
injection port temperature was maintained ab 280°C and the élec-*;z*on
capture detechtor at 350000 Samples wore injected onto the colunn
uging a Hamiiton 10ul. syringe'(Phase Separations Ifd.) fitted with
an 11.5cme needle,

An analytical tracing of normal human urine employing the
above conditicons is shown in Figure 22. The complelte resolution
of the triicdothyronine and thyroxine peaks facilitetes quantitatione.
It will be noted that a number of peaks run ahead of the thyroid
hormone derivatives. Among these peaks monoiodotyrosine,
diicdotyrosine end diiodothyronine can be identified. The wvalue of

this finding will be discussed later on.
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Separation of the H.O-dipivalvl methvl derivatives

of triicdoshyronine (T.) ard thvroxine (TT) nging a

5 foot columny with 2 per cent 0V-17 on Gas Chrome @

and the carrier gas at 4A0ml. per minute, Temperature

programme is responsible for the basewline drift.
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M eoure 20 ¢ Separation of the N,O=dipivalvl methv] derivatives

of monoiodotyrosine (MIT),diiodotvrosine (DIT),

diiodothvrenine (T,.), trijodethvronine {T.) and

thyroxine £T4) using a 3 foot column (3 ver cent
OV-17) ond isothermal (290°C) overation, Iote

monoiodotvrosine and diicdotlvrozine pesaks are

inseparable from the solvent front.
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T2 DIT MIT

Figare 21 ¢ Separation of the N,0-dipivalyl methvl derivatives

of monoiodotvrosine (1), diiodotvrosine (DIT),

diiodothvronine (T?)1 trijicdothvronine (T.) and
o TS b

thyroxine (T ) using a 3 foot colurm (3 ver cent
e 48

OV#17) end temperature vrogprammed operation.
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Pigure 22 ¢t A tracing of naturallv occurring thyvroid hormones

from the authorfs urine (triiodothvronine (T3,L=.
and_thyroxine (T )).
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Linearity of the Detector

The dgtector gave an almost linear response to thyroid hormone
derivatives over the venge required for snalysis (Mgures 23 and 24).
Linearity of delector response to varying amounts of the thyroid
hormone derivatives was debermined.

a) by measuring the peak height alones

b) by calculating the peak ares determived fron the width
of the peak at 50 per cent of the height multiplied by
the pesk height.

¢) by peak sres determined by triangulation by halving the
product of the peak width at the Daseline maltiplied by
the pesk heighte.

The lineaxity of detection using all three modes of quantitabion iz
shown in Figure 25, Quantitetion using pealk height was chosen gince

fewer errors were likely <o ocour in the measuvenent of peak heipghts.

Quantitation of Thyroid Hormonezs in Urine

An attempt was made to employ diicdotbyronine (T2) for internal
stendardicstion. The principle regarding the choice of an internal
standaxd iz that its retemtion time should bz cloze {o the sample
component which is of interest (Pattison, 1969). The use of
diiodothyronine was suggested by Volpert et al., (1970) and Docter
& Hermemarm (1971). A typical chromatogram of diiodothyronine and
{thyroid hormone derivatives is shown in Figures 20 and 21. Docter
& Henmemann (1971) have found a constant ratio between the
diio&othyronine peak and trifodothyronine and thyroxine pesks.

However, the presence of diiodothyronine in urine samples (Figure 22)
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pirecluded the use of this compound as an internsl stendard for
guantitative studies. The ewbermal stendardisation method was
employed. Standsrd amounts of triilodothyronine and thyroxine
W 0-dipivalyl methyl esters were injected prior to sewple injection
and wknowm compared to knowne It is of note that Wihei et ale,
(1971) have used this method for sevum anslysiss

Correction was made for the dilubtion of the Dinel sample
relative 4o the amount injected, for ths totsl 24-hour urined
volume, and For the vercenbtsge recovery a8 wstimated by the recovery

of thywoxinem2mi4c which had been aided initially to sampless
hpplication of Mothodology

In the foregoing the methodologr has been shown to be effizient
in the extraction, purification awi gas liquid chromatographioc
separation of trilodothyronine, thyrozine and thelr precursors,
and therefore the method wase applisd to urine ssmples from rormal
children and from patients with thyreid disordere Tt proved to be
able to detect the smell amounts ¢f these =zubstances present in
20ml. urine. In outline the cverall scheme ig shovm in Figure 26,

and a step by step procedure is ocutlined,

Applicastion of Experimental Procedures

(1) To urine (20ml.) a trace amount of purified radiocaciive
thyroxine (approximately 20,000 d.pem.) was added and the
pH adjusted to pH 4 by the addition of hydrochloric acide
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T,-%C. 20,000 d.p.m.——» 20m1. WRINE

pH 4 (5M HCI)

EXTRACTION COLUMN (Dowex 50)

Y
TLC (of extract)

(methy] acetate/isoBropanol/
oM. RH ,0H (45:35:20;v/v/v)

:

DERIVATISATION
Dipivalyl Methyl Esters

TLC (of esters)

(chloroform/isooctane/formic
acid (20:10:1; v/v/v)

1710 vol. grecovery
estimation

GLC-ECD
QUANTITATION

Figure 26 ¢ Flow diagram of the procedures used in the

estimation of uvrinary thyroid hormones.




(2)

(3)

(4)

(5)

(6)

(7)

(e)

(9)

(10)

(11)

(12)

The urine was cuantitatively percolated through the column
(Dowex 50W) ot 4-2ml. per minube. Ag the urine psssed through
the colum a light brown area developed at the top of the

columia

Thereafter ammonium acetate (0.15 molar, pH 8.5) (30ml.) at o
rate of 2ml. per mimute and methanol/ammonium hydroxide
(9723, v/v) (15mle) at a rate of 1ml. per minvte were applied

consecutivelye.

The first 32ml. of the collected material from the column was

rejected and the subsequent 12ml. collected.

This latter was blown to dryness in a water bath at 40°C under

a stream of nitrogen.

The residue was dissolved in methanol/émmonium hydroxide
(97:3, v/v) (60ul.) and 2ul. tsken for recovery rate assessment
(140 counts) e

The rermainder of the residue was applied quantitatively to &
thin leyer chromatography plate and authentic standards
(monoicdotyrosine, diicdotyrosine, diiodothyronine, triicdo-

thyronine and thyroxine) spotied on side~lancs,
¥ NgA ¥

The plate was developed in methyl acetatesisopropsnol:s molar

ammonium hyurcxide (45:35:20, v/v/v) for 150 minutes.

After drying in air, the side-lanes were sprayed with ninbgdrin
and the area of silica corresponding to the area occupied by
the standards removed and the silica eluted quantitatively with

methanor {3 x 2ml.).

The eluate was blown to dryness as before and the residue
reconstituted in methanol (60ul.). An aliguot {(5ul.) was tzken
14
(

for recovery estimation C counts).

The methanol was evaporated as before and residue placed in =a

degsicator for 24 hours.

The dried residue was derivatised by the addition of methanol/
hydrochloric acid (1ml.), the tube wag securely stoppered and

placed in an oven (7000) for 30 minutes,



(13)

(14)

(15)
(16)

(17)

(18)

(19)

(20)

BT s

The meﬁhanol/hydrochloric acid was removed under a stream of
dry nitrogen; the tube was then placed in a sandbath and to
the dried residue methanol (20ul.), pivelic anhydride (O.2ml.)
and triethylamine (10ul.) was addeda

The tube was gently rotated to dissolve the residue thoroughly,

stoppered and placed in an oven (110°¢) for 30 mirutes.
The reaction mixiture wae taken to dryness an Stage 130

The residue was quantitatively applied to a thin layer
chromatography plate and the plate was developed in the
solvent system chloroform:iscoctane:formic acid (2021021,

v/v/v) for 75 minutes with standard derivatives on side-=lanes.

The area of the silica containing the derivatives was easily
located under ultrs violet light (254mm.). The wmilics from

this area wes removed and eluted with dry methanol ( 3 x 2mi.).

The methanol wag removed under a stream of nitrogen as si
Stage 13, and the dried residue taken up in ethyl acelate
(50uic)e 4n aliquot (Sul.) was taken for recovery assessment

(14

C counts).

Semples (1iul.) were injécted into the gas liguid chrometography
colunn, s1d the operation carried out under the conditions

described in page T5.

Following neasurement of the respective peaks for sample and
standards, the mass of hormone in a 24--hour urine sample was
calculated taking account the dilutions and recovery vates =zt

each step {Figure 27).
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Figare 27 ¢ fbhove: Standaxrd trace

2ng. triiodothyronine methyl dipivalyl ester (T )
glves a peak height of 3.3cme.

Inge thyroxine methyl dipivalyl ester (T )
gives a peak height of 2.5cm.

Below; Tracing of a urine extrach from a eubthyroid ohild
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Arithmetic caleulation for the peaks in Mgure 27,

Thyroxine fractions N

Peak height of native ester 2z 2.7cme

it

Peak height of 3ng. standard ester 2.5¢me

Therefore hy comparison of pesk height
ratios, thyroxine in sample injected

( 9 [ 5111 o Oof 50‘11 ¢ ) o cﬁg;gﬁ;ltm:(’auéw. n&e
25
and thyrozine in wurine residue s 207 x 3 x B0
2.5 % Ga5 &

One~tenth of the vesidue contains 1,118:.7 dupamoets = 5.82 per cent of
that added initially (19,193.7 d;pfm?s). Thus if the recovery of the
native thyroxine is equivalent to the yrscovery of %hyroxinem2m14c
derivative from thyraxinem2m14c added o the urine, then there is

5802 per cent of native thyroxine present in the final residue.

Therefore in +the aligquot processed 2T x 3 x 50 x 100
(20ml1.) there are N 2.5 % 9.5 x 53,2
The total 24~hour urine value 2 320ml.

2,7 %3 x 50.% 100 % 320
25 % 9e5 x 58,2 2 20 TF7

Therefore in 24-hour urine volumc =

=  468.8ng. thyroxine
are excreted per 24-~-hours.

Triiodothvronine fractions

Peak height of native ester w  2.]cme.

Peak height of 2ng. standard ester =  3.3cm.

Therefore triiodothyronine in sample e w2ed x 2 ne

injected (9.5ul., of 50ul.) 3.3 Ee

and triiodothyronine in urine regidue = 2:4. %2 % 20
3.3 x 9¢5

o as . 2.4 x 2 x 50 x 100
and in aliquot processed (20ml,) m R s
and in 24-hour urine volume = PA x 2z KO x 100 x 320

363 x 905 x 58’02 X 20

a  210.46ng. triiocdothyronine
are cxcreted per 24~hours.
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Discussion of Methodology

Ag T have already noted the goal of this thesis was to develop
an analytical methodology that would permit the zmimultaneous anslysis
of the unconjugated (free) thyrold hormones in urine. The expected
amount of these substances in complets 24-hour urine samples was in
the region of Tug. triicdothyronine and 1-1.25uge thyroxine (Black
et alo, 1975)s The gas liguid chrenatogrephy methodology proved to
be capable of d@tecting these small guaniities. The method however
cannot be used directly on crude urine 28 the urine conlains a wide
range of potentially velatile interfering compounds. 4 preliminary
extraction gfep is unavolidable. AThis procedure should permit the
removal of proteins and other substonces which might interfere with
the subsequent derivatimation, gas liguid chromatographic separation
and detection by the electron capivre detezctors 4As the thyroid
hormones tend to be adsorbed on to glassware (Leed Pileggi, 1971),
this adsorption could create errors in terms of accuracy and
reproducibility of the method. OClean and inert glase surfaces were
therefore ensured by silanization of the glassware with
dimethyldichlorogilane.

Cation exchbange chromatogrephy has been shown 1o be a useful
method for isolating thyroid hormones from biological fluilds
(Sterling e% ale, 1969; Nihei et al., 1971; Backer et al., 19673
Black et al., 1973)e I have applied this method without modification
except for quantity, to the extraction of these hormones from urine.
The good recovery rate from the Dowex 50 column amply justifies the

application. However because there was in the column effluent some
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proteins to which the iodinsted hormones might bind, it was
necesgsary to introduce a "clean-up” step. A sinmple thin layer
chromatography purification separated well the active thyroid
hormones from wnwanted material. Chan & Lendon (1972) used this
same thin layer chromatography system to confirm the presence of
thyroxine in urine extracts. It will be noted that the system
chosgen isolates the "sought—alter” hormones albeit closely related
on thin layer chromatography bit velatively free from wmdesirable
contamninanh s,

One disadvantage of silica gel is that it uswually contains o
spall amount of iron which may catalyse certain deiodinztions and
thus create artefacts., OSuch artefacts can be avoided by using
acid~washed silica gel for the preparation of the plates (West et sl.,
1965). However when this step was attempted the silica gel‘crumbled
and fell from the plates when alkaline and acid agqueous solvents
were subsequently applied. No account therefore was token of this
theoretical deiodination.

Pure extrachs of thyroid hormones are relatively thermolalile
in their ionissed form, It is thus necessary to prepare suiatble
derivatives which are more volaiile, less polar, and therefore
suitable for ges chrematographic seperations The choice of a
derivatisation procedure, for the analysis of thyroid hormones
which have the highest molecular weights of all {the amino-acids,
ig very limited. There are two possibilitiess-

(1) Silylation of the amino-acid with bis (trimethyleilyl)
acetamide or condensation with prehalogenated acetone,

and

(2) Acylation of their methyl esters with trifluoroacetic
acid anhydride, or trimethylacetic anhydride (pivalic
anhydride).



Funakoshi and Cahmmann (1969) have shown that trimethylsilyld
derivatives (TI8) of lodoaminocacids are partially destroyed on the
column vhen injected in nanogram amounts. Additionally
trimethylsilyl esters are readily hydrolyzable by treces of
moistured

A great sdvantage of the oxazo-derivatives of monoiodotyrosine
and diicdotycosine is their stsbility, easy preparation and high
responsivensss to electron caplure debteotion (Huaek? 1974 Hamek
& Macek, 1975). However Husck found great difficulty in elu%ing
the derivatised thyroid hormones from the ges liquid chromatography
colum {an exceedingly long retention time 5o sssumed to be the
meaning of his statement).

Prifivoracetylation of thyroid hormones is easily achieved and
the derivatives {PFA) are readily detectable by Tlame jonisaticn
detecticn (Richerds & Mason, 1966). However these devivatives are
reported (Docter and Hennemann, 1971) to break dewn when injeoted
in amounts suitable for detection by electron capture, such as might
have been expected in physiclogical samples.

The pivalyl methyl esters are however the ideal derivatives of
the thyroid hormones for gas liquid chromatography handling becavse
they are not readily dbroken down either by traces of moisture or by
oven temperature. Indeed they are less volatile than the other
derivatives already discussed and therefore they volatilise at higher
temperatures. I therefore chose pivalyl methyl esters of urinary
4+hyroid hormones as the derivatives most likely to give reasonable
resulis although their preparation is relatively more rigorous.

Additionally the prepared esters réquired further purification
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before injection because the reaction reagents (pivalic anhydride
and triethylamine) and the so formed pivalic acid have a high
boiling point and therefore without purification contaminetion of
the column and interference with cuantitation would have resul{edo
This might he regarded ar a drawback as i% is not shared with other
derivatives. The purification step was that described by Stouffer
et ale, (1966) heing a simple thin layer chromstopraphic system.
Wihei et alo, (1971) umed for a corresvonding step wenion exchange
column {Amberlit IR4A5)e. Tn my own experience my esters were nol
stable on such a colume

Finally on the problems of methodelogyr, despite the various
purification steps introduced, a large nwiher of peake were oblained
from test samples of urine. These peaks clezrly reprevented
derivatives of other amino-acids bat it was foumd possible to cause
these to yun ahead of the thyroid hornone dervivatives by using a
temperature programmed procedure ratuer than iscthermal condiivions,
Among these peaks can be identified monc-jodotyrosine, diicdotyrosine,
diiodothyronine, and therefore this should greatly Tacilitate fubture
gtudies designed to elucidate thycoid hormone metabolism.

Organic lodine compounds in urine represent sbout 10 per cent
of the thyroid hormones metzbolised {Pitiman et ale, 1972). Most
of them are not yet known. Those identified represent the main
three routes of thyroid hormone metabilem, vize deiodeination,
conjugation and side chain metabolism. Mono~iodotyrosine and
diiodotyrosine have been identified as deiodinated urine metabolites
of triiodothyronine and thyroxine (Roche et al., (1952 (2); 1952(%)),

and diiodothyronine as the major metabelite of triiodothyronine
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(Folk et ale, 1960)s Complete deiodination of thyroid hormones
mey also occur, leaving only the thyronine nucleus (Pittman et als,
1972). Burke et ale, (1972) found 0.65 and 3.6%ug. per day
regpectively of triiodothyronine and thyroxine conjugates in the
urine. Oxidative deaminationarnd decarboxylation of the alanine
side-chalin to their acetic acid derivaiives is the predominant
metabolic pathway for thyroid hormones in the kidney (Albright et
ale, 19593 Etting & Barker,‘1959g Pittman et al., 1972}9 Tetram~
and ‘tri=iodothyrcacetic acid and pyruvic and lectic écid derivatires
of thyroxine and triiodothyronine have been demenstrated in urine,
The average ¢aily excretion of thyrocacetic acid in urine;, from a
thyroxine crigin, is approximately T.5ug. per day (Pittmen et al.,
1972)0 Administered thyroxine may also appear in urine as
tetraiodothyroproprionic acid (Roche et ale, 1954). Thus séme of
the peaks unidentified could represent some of these compounds.

The possible coupling of éas chrometography t¢ mass spectrozetry
is unique in tbat the structure of unknown compounds and theixr
quantitation at Tembtomole levels is pogsible, and could be a part of
a more advanced avplication of this work. The mass spectirometer has
already been used in the study of standard ¥W,0-dipivalyl methyl
ester of diiodothyronine (Stouffer et al., 1966) and the value of
the dipivalyl derivatives of thyroid hormones and some of their
derivatives in hepatic hydrolysates and bile is under active
investigation (Hoffenberg et al., 1974)s It is clear that studies
in this direction on urine samples, utilising the method developed
here might help in the understanding of thyroid héémone metabolism,

and exoretion.of metabolites, It is quite clear that it would be
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possible to link gas chromatography-mass spectrometry with

gradient elution to isolate individual iodinated urinary metabolites
of the active thyroid hormones and so to reach in abnormal cases,
blocks of synthetic or metabolic pathways. Such studies have to
rely on paper chromatography of butanol exiracts of serum or urine
following adwinistration of labelled thyroid hormones c¢r their
Precursors (Mbsiey, 197%). The necessity for relatively large
doses of »adin-lodine in order 4o ensure sufficient radioactivity
for measuremerts on the resultant chromatograms tends to discourage
studics with *hese technigques especially in the paediatric age
groups. iinally by urine analysis in athyreotic patients under
treatment iv would Ve possible to study the metabolism of exogenous
trijodothyronine and thyroxine.

In conclusion, the analysis of the free thyroid hormones in
urine presgents a major analytical challenge. Not only is the
composition of urine itself extremely complexz, bui the free
hormones ave present along with a variable smount of metabolites
most of which are not idemtifiable. Further, the large molecular
weight of these thyroid hormones (approximately 1,000), the
lability of their iocdine atoms, their tendency to adsorb on so0lid
surfaces, and their presence and availsbility in only trace amounts
in urine (in the fres form), were the problems which had 1o bhe

overcoime in the present work.
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CHAPTER 3

DNPRRSRY RES

RESUTTS WITH DISCUSSION

Introduction

Since the eerliest report (Chan & Lendon, 1972) on the
neasurement of wrinary thyroid hormonetr, nc agreement on significant
levels has been reached. Indeed neither iz it agreed thst the
urinary hormones represent the free ultrafiitrable serum thyroid
hormoness Thus the clinical value of any results obbained is
86111 sub judice. T present in this thesis, my own values of
thyroid hormones in urine found in s group of euthyroid children
and T present alse some corresponding dazta from other children
with thyroid diseasef Thege patieats werc mainly in the Royal

Hospital for Sick Children, Yorkhill, Glasgow.

Patients under Stuvdy

The euthyroid group consisted of 50 in-patients who had
non—endocrine medical or surgical conditions and significantly
they were without renal or hepatic disease. The patients
investigated are listed in Table XIIT. An identification number,
age and clinical status is also shown. Those patients having
treatment with drugs likely to affect the efficiency of thyreoid
binding globulin (phenytoin and salicylates) or its circulating

level (glucocorticosteroids) are indicated thus (%*). The male



TABIE XTIT ¢ Dala on the suthyroid subjecte useG as normals in this investipation

TRLE - ir - Fo A LE
L. Patient Lze s .
Patient . - . . . oot Pehient Age
Yumber | Years Clinical Diagnosis Tatiert Fonber wmmwm (linical Diagmosie
CoBa 1 3 Inguinal Hermia T 26 4 Fallot¥s Tetralogy
J.Dos 2 4 Talipes JeFs 27 6 Acute Respiratory Infection
TeSo 3 5 Inguinal Hernia
B M, 4 5 e Agthng, Jotla 28 6 Congenital Piosis
RoMs 5 5 Tonsillitis JoMs 25 T Constipation
GoRo 6 é Viral Meningitis 2oCe 30 3 Keloid
Eolo i é Osteitis Cole 3% 8 Dermatitis
Wolis 8 7 Epistaxis FoHe 32 8 Henoch~Schonlein Purpurs
£.B, 2 7 ®¥*Rheumaicid Arthritis
JoDo 50 7 Tonsiilitis Jede 33 8 Mycoplasma Pneumonia
BoM, 11 7 Fracture Femoral Shafé
KoM 12 7 Leute Pharyneitis LeHo 34 8 Psoriasis
I, 13 T Ventyricular Septal I.D, 35 9 Acute Appendicitis
Defze C.Us 36 10 Acute Appendicitis
G.Se 14 8 Osteomyeslitis . BeSe § 27 10 Rickets (Nutritional~Immigrant )
¥,De 15 8 #¥% st hma SeHe 38 10 #4%Rheumatoid Arthritis
ToWe 16 8 Erythema Miitiforme "o He 39 10 #¥¥*Acute Leukaemia
AoMs 17 8 Inguinal Hernia Lol 40 10 Arthralgia
CeTo 18 8 Atopic Eczema 0.V, 41 11 Talipes
X Ms 19 8 Censtipation C.Rq 42 11 Acute Pharyngitis
B.le 20 9 Tongillitis 2.G, 43 11 Chronic Otitis Media
ReBo 21 9 Acute Pharyngitis AcRe 4 4 Rickets (Nutritional-Tmmigrant)
D.S, 22 10 Cystic Fibrosis Zolis 45 12 Ventricular Septal Defect
a7 . s et £ Calls 46 12 Crobn®s Disease
PP p 23 10 ] Foyolical Neutropenia AeT. a7 12 Ventricular Septal Defect
Helre = ! : w:.q vie . eparavion Mo 3, 48 43 Healing Maltinle Leg Fractures
of Tibial Epiphysis s
DoHo o5 11 Tricuspid Atresia with D.Fs 49 3 *Epilepsy .
.. . DR, 50 14 Cystic Fibrosis
Ventricular Septal
Defect

¥ — phenytoin ¥¥* - salicylates #¥ o~ ~iyeocorvicosteroids




children ranged in age Trom 3 to 11 years and the girls from 4 to
14 years. The faect that the majority of patients are in the older
age groups is related to the need for 24-~hour urine samples and
hence ease of collection,

Patients were considered hypothyroid when the c¢linical status
and thyroid function tests concurred. The abnormal patients
investigated are listed in Table XIV., An identification number,
age and blochemical status are also shown. It will be noted that
more females than males were investigated and this ié due to the
fact that thyroid disease is allegedly more common in girls

(Andersen, 1975)
The Urinary Free Thyroid Hormones in Euthyroid Children

In Tables IV and XVI are the resulis of the urinary free
triiodothyronine end free thy?ﬁxine in the euthyroid group ef
'paiientse It will be noted that the results are rvecorded according
to age and sex. The free urinary triiodothyronine values ranged in
the male (Table XV) children from 292ng. per day (patient number 1)
to 443ng. per day (patient number 25) with a mean and standard
deviation of 346.4 % 54.91ng. per day. The free urinary thvroxine
in the same group ranged from 330ng. per day (patient nuuwber 1)
to 597ng. per day (patient number 22) with a mean and standard
deviation of 478.92 4 81.59nge per day. In the female children
(Table XVI) the triiodothyronine values ranged from 296ng. per day
(patient number 35) to 443ng. per day(patient number 43) with a

mean and standard deviation of 350,68 + 46.52ng. per day. The free
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cdothvronins Aeuva total thyroxine megv and thyroid
a\q L

stirmulating hormone {T.3.H.) in a eroup of hvpothyvroid patients
Patient{ Patient | Age Sox T3 Ty TyS.Ho| Clinical
Name Nuriber | Years {nmo1/L){ (nmol/L) i {aU/L){ Diagnosis
S:B. 51 0.08 Male 13 37 > 100 Goitrous
Hypothyroidism
AP, 52 0ol ¥ale Hake 23 %0 Primary
w Hypothyroidism
FeXe 53 Co5 Female 10 & 16 50 Primary
Typothyroidism
LoBo 54 1 Female Te3 26 50 Primary
Hypothyroidism
Jdeds 55 2 Female Ted 45 50 Primary
Bypothyroidism
¥A .M, 56 7 Fenale 161 40 < 2 Primary
Hypothyroidism
Sede 57 9 Female 0.6 15 50 Primary
Hypothyroidism
*¥FTe 58 14 iRle 1.0 48 1.9 Secondary
Hypothyroidism

* Creniopharvmgioma {posioperaiive) was the primary pathology in all cases
of secondary hypothyroidism.

Noho =~ not assayed,




TARLE XV ¢ Dajily excretion of urinary free triicdothyronins (Tjj

w100

ko
-l

and thyroxine (7 ) and the Tméxgmgatio in the normal
iy L o wanx?

moles of the series.

Neme gg;;agf Yii?q nge pei‘324 hours § nge pif 24 hours '34’@3
CoBo 1 3 292 446 145273
JoDo 2 4 337 487 1.4451
TeSo 3 5 235 352 14975
RoMo 4 5 284 412 1.45C7
Roleo 5 5 330 466 14121
GoRe 6 6 311 415 103344
EoCo 7 6 308 350 11362
Wollo 8 7 358 495 103826
AeBo S 7 347 426 102276
JeDo 10 7 372 533 14327
BoMo 11 7 304 330 1.0655
WoXo 12 7 393 554 14096
ToMe 13 T 320 574 17937
GeSe 4 8 270 433 1.6037
MeDo 15 G 390 417 1.0692
ToWe 16 8 333 593 1.7807
Aol 17 8 336 562 106726
CoTo 18 8 415 439 1.0578
KoMs 19 8 433 553 1.2886
BoMo 20 9 369' 517 14010
ReBs 21 9 379 579 15277
DiSe 22 10 429 597 163916
MoBo 23 10 282 442 165673
MeCo R4 10 396 417 10530
Do¥e 25 11 443 579 11,3069

346&64— ;F: 54 09.1

] 478.92 &

81,59
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XVT ¢ Deily exeretion of.urinary free triiodethvronine (T%)_

thyroxine (7 i) and the T ) T, rotios in the normal
i v 4 b & AT

females of the series,

T .LI

lli

Name §§;EZ?§} Yiiia nge per :24 hours jnge per42£i- hours Td/ TB

Tolo 26 4 300 450 15000
J:Te 27 6 348 490 14080
Jolle 28 6 316 371 1.1740
Jole 29 T 314 414 10,3180
AoCo 30 8 315 338 10730
CeQo 31 8 396 390 0.9848
FoMe 32 8 316 512 16202
JoHo 33 8 322 479 104875
LoHe 34 8 392 465 §.1862
ToDs 35 9 296 357 102060
CoUs 36 10 433 502 11593
BoS. 37 10 316 384 102151
Selle 3% 10 384 533 14594
FcE.e 39 10 315 ADG 1.,2598.‘
TieWo 40 10 354 511 14435
0ecVe 41 11 309 518 106763
CaRe 42 11 320 412 14750
AeGo 43 " 443 5¢8 11467
AcRe 44 11 313 575 18370
Zolie 45 12 401 676 1.6857
CeM. 46 12 315 475 15079
Aede a1 12 340 555 106323
Mo Me 48 13 413 662 1.6029
Dol 49 13 373 560 1.5013
DoRe 50 14 426 620 14553

Fean + SoD.

250,68 + 46.5

48368 4 89,99
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urinary thyroxine in this group ranged from 338ng. per day (patient
number 30) to 620ng. per day {patient number 50) with & mean and
standard deV1at10n of 488,68 + 89.99ng. per day. There ig no
ghtatistically significant difference between any of these values.
The mean values are summarised in Table XVII for the sexes and for

the whole group.

TABLE XVIT ¢ Urinary YTjjudOﬁthOﬂtnﬁEAW ) and thvrowine (Ti)

levels estimated by gas 1Jguln chromatosraphy i

euthyroid children. TFean + 2.D.

2 .

T3 ng ger § Td ng per
Subjects 24=-hours 24==honrs
Male euthyroid children 24664 # 54,91 478.92 4 81,59
Female euthyroid childrenf 350,63 + 46.52 288,66 + 89,99
A1l children 34866 4 5047 484.20 + 85.15

Patients number 49; 9 and 33 and 4, 15, 23, 29 were receiving
phenytoin, salicylates and corticosteroids respectively. 1 note
this here for there is some evidence %hat those drugs may alter
the binding capzcity of thyroxine~binding-globulin or iis
concentration. However the values for urinary triiocdothyronine
and thyroxine in these patients are within the normal range.

From the above data a number of medn conclusions may be drawne
Firstly for the whole group investigated the urinary triiodothyronine
and thyroxine values cluster closely, indeed more c¢losely than those

velues reported in the literature for adults., Seccndly the thyroxine
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excretlion rate is greater on average than that for triicdothyronine.
Thixdly the measured urinary thyroid hormones 4id not seem to be
affected by the drugs which are known to alter the protein-binding
concentration or capacity since in the seven cames on such drugs,
gross deviations were not detected. On the clther hand I was not
able to determine the thyroxine-hinding globulin and thyroxine-
binding peralbomin in these patients. NWonetheless the findings
are in agreement with those of other workers (Chan, 19745 Pastrana
et alo, 1975; Burke & Shakespear, 1975) whé could not detect
significant differences in urinery btrilodothyronine and thyroxins
in adults on treatment with these drugs,

My mean values for the daily urinary excretion rate for free
triiodothyronine and free thyrovine in euthyroid children are less
than all those previously reported for adults. Thosse who have
published have however only studied adulie and measured yather ilher
total (bound 4 free) urinary %hyroid hormones (Eurke & Shakespear,
1976) and not the free moitie, In Tables XVIIT and XIX are those
published advld values which were (etermined either by
radioimmmosssay or competitive binding techniques, I have chosen
1o compare iy results with those of Black et al.,(1975) because of
21l the authorsz they alone have estimated by radioimmuncassay both
triiodothyronine and thyroxine in the urine (without extraction)

in a sizeeble mumber (24) of adult patiernts (Table XX).
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TABLE XVITY ¢ Urinary levels of triicdobhyvronine

in euthvroid adulis

(A review of the litersture)

‘ Triiodothyronine !
fubhor(s) (vge per 24 hours) Hethod of i
N Quantitation
Mean + SoDof Range
Chan et ale, 1972 269 4 0.5 2.0 == 4.5 RIA after ethyl
acetate extraction
Burke et ale, 1972 0.8 0033 = 1.91§ Direct RIA
Hefner & Hesch, 1973 Ocdl = 2.4 Direct RIA
Chan et al., 1973 2.9 & 0.5 RIA =fter ethyl
acebate extraction
]
Burke et al., 1973 0.8 0e33 = 1,91 Direct RIA |
Chan, 1974 08 « 2.4 RIA after ethyl
aeztate extincvion
Rastogl et ale, 1974 T 0¥ Direct RIA
Burke & Shukespenr, 19751 1.1% Direct RIA
Gaitan et ale, 1975 Te0 4 034§ 005 1.83 Direct RIA
Black et al.; 1975 0:9540c33 | 0c5 = 1.73 | Direct RIA
Shakespear & Buike, 1976}] 0.82%% Direct RIA
Finucane ei al~, 1977 1607 40634 0.66~ 1,73 | Direct RIA

* galculated from their graph.
*¥¥ original values were given in ng. per hour.

RIA = Radioimmuinoassay.
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TABLE XTIX ¢ Urinary levels of thvroxine in ewthyroid adults

(a review of the literature)

. Thyroxine ’
Author(s) (ugs per 24 hours) Mejck;ggit of
Mean # B54Da Renge Qarntitation
Chan & Laadorn, 1972 . 863 d 2.2 | 4o =~ 1267 CPB proteir birding
- after ethyl aceteate
_ extraction
Burke et ale, 1972 2,0 - 0eB4 = 2.9 | CPB on "Sephadex™
, column
Chan et ale, 1972 8.0 21 ' CPB after ethyl
acetate exbtraction
Burke et al., 1973 20,0 054 = 3.9 CFB on "Sephadex!
column
Chan et al., 1973 8:0 4 241 CPB after ethvi
acebale exiraciion
Chan, 1974 A3 e 12,7 CPB after ethvl
acetale exzrachtion
Ragtogi et al., 1974 15.0% Direct Ria
Pastrana et al., 1974 2.1 0s6 = 3,6 Dirvect LA
Pagtrena et al., 1975 2.0 2.5 = 3.5 Direct RIA
Black et als., 1975 2.0 + 063 CPB vn “3ephadex®
column
] Black et al., 197% 102714 0.49) 0444 ~ 2,05 | Direct RIA
Shakespear & Burke, 1976 | 1.9%% | CPB on "Sephadex"
column
Shakespear & Purke, 1976 | 2.0%% Direct RIA
Finucane et al., 1977 16954+ 0:62f 0c85 « 3,08 | Direct RIA

¥ Calculated from their graph
¥* Original values were given in ng. per hour
RIA - Radioimmunoassaye.

CPB « Competitive protein binding,
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TABLE XX ¢ Urinarv levels of triiodothvronine and thvroxine

in ewthvroid children and adults. A comparison

baged on different methodologiese.

Methed of Assay and Author(s)
Compound .
GLC (children) | RTA (adults) | CPB (adults)
own results Black et al., | Black et al.,
1975 1975
Triiodethyronine . o o
(vgo. per 24 hours) 0034 £ 005 0,95 & 033
(n = 50) (n = 24)
Thyrozine 0.48 + 0.08 1.21 4 0.49 2.0 4 0.63
(vge ver 24 Lours) (a = 50) (n = 24) (n = 23)

GLC = Gas licuid chromatography
RIA - Radioimmunocassay

CPB - Jompetitive protein binding

My valves are approximately one-~third of thovse of Black et al.,
(1975). Tais is not to be considered sericus since there is
considerable controversy regarding the specificity of the competitive
protein binding and radioimminoassay wmethods when applied 4o extracted
or even unextracted urine. Indeed the coupeiitive protein binding
methoda give grosser results for urinary thyroxine than the
radioimmuinoassay methoed and it has been condemncd by Black et al.,
(1973) largely because a ramber of thyroxine peptide derivatives
displace thyroxine from binding globulin (Tabachnick et al., 1971).
The competitive protein binding method overestimates by 60 per cent
the values of thyroxine found by the radioimmunoassay method (Black
et al., 1975)0 Using the radioimmunoassay methods for triiocdothyronine

and thyroxine in unextracted urine, the disparity between the values
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veported by differemt groups of workers (Tables XVIIT and XIX)
indicatés that the problem of cross-reaction \"&i:h the hormone
netabolites in urine is not yeb solved. Additionally the
rodioirmunoassay methods estimate protein bound and free hoxmone
without discrimination. Using stesdy-state gel filtration of
normal adult wrine, Burke & Shakespear {1976} estimated that onmly
40 per cent and 20 per cent of triiodothyronine and thyroxine
respectively estimated either by the ralioimmnocassay or
compebitive protein binding methods are in the free forme The
cofemoted

satimated values of the latter mathors ror the free urinary thyroid
hormones are similar to those reporied in this work as determined

by the developed methodology (Table ¥XT),

TABLE XXT ¢ Free urinary triiodothvionine and thyroxine

_f_Levelr; i1 euthvroid children and adulte,.

(Levc-';la of Tree horwones in adults calculeted

from author?s data.

Iathod of Assay

| RIA (adults) 2ﬁ10u%a§@§§ﬁ)
Compound GIC(children) Shakespear & :ﬁ;;;e Z ok
own results  Burke,1976 Shakespear, 1976
Triiodothyronine 14452 & 2,09 3443 4 15.4 13,72
(nge per hour) (n = 50) (n = 38) (40% of total)
Thyroxine 20617 + 3660 83.2 4 31.4 1674
(ng. per hour) (n = 50) (n = 6) (20% of total)

* Calculated from Columm TIT on the finding of Burke & Shakespear,
1976 that only 40% of the estimated triiodothyronine and 20% of
thyroxine by radiocimmunoassay are in the free forme

The gas liquid chromatography methedology, while proléx, has

no crogs-reacting artefacts and is highly specific and reproducible.

The thyroid hormones were identified by thelr retention times
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Compared with those of purified standards. Although it is
theoretically pozsible that {wo compounds may share the mame
retention time under certain conditions ol coluwmn and temperature,
this is less likely in the temperatuvre programmed technique sdopied
in this works, Thus although tedious the gas liquid chromatography
nethodology appears to offer more specificity and less interference
than either the competitive protéin binding or the radioimmunoassay

methods,

Upward Trends in Urinary Thyvroid Hormones with Aee

It ig of interest that when the patiente are grouped accordivug

{~2e

to age (Table XXII) and the mean urinary values of $riiodothyronine
and thyroxine calculated, there appeanrs to be an upward trend with
age, although statistically the differences between the groups zra

not significante, Since it was earlier pointed out that there was

no gross difference in the urinary free itriiocdothyronine and thrroxine
between the youngest and oldest patient inm the cobort, significant
differences in the means of age groups was not expected, If it is
true that ther: is a small increase in the free hormone excretion

with age, it wey be that this represents a changing renal funcition

with age and this possibility will be debated latera
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IABLE XXTY ¢ Changes in the daily excretion of urinary thvroid

hormones associated with age (ng. per 24 hours).

Mean + S.D. (and range) for the whole series.

Triiodothyronine Thyroxine
Age Group Mean -+ SeDe (Range) Mean -+ 5¢Do {Range) g

»

305 ysee [ 2963313669 | (235-331) | 435.5147.60 (352-487)
n o=

s(m 10 ysars 350.27245.14 | (270-433) | 465.96483.65] (330-597)
n = 33 .

(n =11

11 = 14 gears 37145461117 (309-443) § 511.05258.761 (472-620)

Ratioc of Urinary Free Thyroxine to Free Triiodothyronine

The ratic oFf urinary free thyroxine to free triiocdothyvronine
was calculated for each child (Tables XV and XVI). fhe same aga
groups as in Table XXIT are taken and means and standard devistions
calculated {Table XXIXI). The overall mean ratio is 1.348 to 1 with

a range from 1.85 to 2.41.

TABLE XXTIT : Ratio of urinary free thyroxine to free triiodothvronine

in euthvroid children according ¢ age groups.

Age Group | Number of

(Years) Patients Yean Renge
3-5 6 144721 1.4421 = 1.5273
6"“10 33 1 02649 009848 - 1 07937

1114 . 11 165297 11467 = 1.8370
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However there may be some significance in the fact that in the
children less than 6 years the mean ratio of free thyroxine to
triiodothyrqnine (mean 1.472%) ies greater than that for the age
range 6 to 10 years (mean 1.2649). Again in the immediately
prepubertal and puberty age range the ratic of urinary free
thyroxine to trijodothyronine rises agsin {(mean 1.5297). However
ag with the actual excretion values Tor thyroxine and +triiocdothyronine
there is here also an overlap particulerly of the middle group with
the means for the younger and older age grcupse Clearly, a changing
ratio; albeit within narrow limits, could be due to changes in the
excretion rates of either thyroxine or triiodathyronine and mince I
have shown an upward trend in the evoretion rates for both free
thyroxine and triicdothyronine, any charges in the excretion ratios
met be related to the mechanismy of renal handling of both
substances, There is a paucity of data in the literature capsble
of being brought together for comparison with my own results but T
will bring together what seems valid to essist with the interpreting
of my results presented here.

Let me first speculate on my suggestion that there is an upward
trend in the excretion of urinary free thyroxine and triicdothyronine
with age. According to severgl aguthors the daily urinary cutput of
triicdothyronine and thyroxine in the neonate is less than that
found in the adult (Table XXIV), and it therefore seems likely that
a. smooth increase throughout the paediatric age would probably be
definable were samples from more patients belween these extremes of

age available for study.
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TABLE XXTV ¢ Comparison of daily exeretion of thyreid hormones

(ugo per 24 hours) in neonstes with adults.

A veview of the literaturc.

2 et 23420

AUTHORS

PHIROXINE

TRYTODOTIIYRONINE

Neonates Adults Neconates Adults
Chan et ale, 1972
Wo. of patients 5 44
Mean + SoDe ) 269405
Range (0.1=0.4)
Chan et aley, 1973
No. of patients 20 24 20 24
Mean + SeDe 0,1840.08 | 2,940.5 0.8345.6  8.042.1
Range (0502-“(.)‘;36:1 (091@“2.:-1)
Burke et ale, 1973
No. of patients .
Mean - SoDe 0,86 2.0
Range (C.54m3.9)

In general, the level of urinary free thyroid hormones

represents the end product of an equation which includes secretion,

the prevailing serum unbound level, protein—binding, target organ

vtilisation,; liver metabolism and renal handling.

It is not yet

clear what role the kidney plays comprehensivel;y in this syslem.

However, we know that the glomerular filiration rate adjusted for

body surface area is low in infancy, reaching the adult normal

value of 120 4+ 20ml. per minute per 1.73 N? (the body surface area

of a "standard adult") in early childhood (Rahill, 1969).

Again,

at birth the corrected clearance of inulin (indirect measurement of
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glomerylar filtrstion rate) varies between 10 and 50 per cent of
the normal for older (6-18 month) childven. Then a progressive
rise in filtration rate occurs from birth to the ags of 6 to 18
months, when +h9 childhood norm is attained. Aﬂdﬂtlonally the
pardmaminoh75ur¢ue clearsnce (indirect estimetion of effect¢vn
renal plasme flow) at low plasme levels of paramamjnohy%uraie

(Smg per i00mlc) is low in relation %o body surface in infancy

and only reaches the adullt value of 600ml. per mimute per 1.73 M2
ab about 2 years of age. One therefore concludes that there ig a
relatively low effective renal perfusion during infancy. Thus both
the low glomerular filtration rate and the low renal perfusion rate
of early infancy could result in the reduced oubtput of urinary thyroid
hormones during the first week of 1life and this despite their high
free serum levele,

The mean sermm free thyroxine concentration shortly after
birth (1-3 days) is 8.6ng. per 100ml, (Marks et ale, 1966).
Subsequently i} decreases during the first week of life and remains
constant at a mecn concentration of 4.7ng. per 100ml. (Lemarchand-
Beraud et al., i972) wntil approximately 12 years of age. Tor what
the values are worth the basal metabolic rate declines steadily from
birth $o adulthood, except at puberty when there is a temporasxy rise.
If the falling basal metabolic rate (BMR) indicates a reduced need
for free serum thyroid hormones and if the gland output remains
stoady, then to maintain a constént level of free thyroxine one
night expect an increase in renal loss., The situation is similar
with regard to the total serum thyroxine. The total serum thyroxine

as opposed Lo the free thyroxine is well recognised as falling



slightly but significantly during childhood and thus once again
if production remains constant then the exorebion must increase.
From another point the serum protein bound iodine falls during
childhood (Fisher, 1971) yet if the serun free thyroxine level
remainsconstant then this fall must be dae to a reduction of the
thyroid hormone binding proteins, This too is 2 known fact.

Thue a smooth increase in the urinsry excretion of thyroxine
could explain the steady stabte ofthe free gerum thyroxine level
during childhood although only if the thyroxine production remains
constant. Unitil this moment no published values for the free serum
triiodothyronine levels in childhood are reported.

Now a£ puberiy there is a slight increase in the basal
metabolic rate (Tanner, 1962)« This might lead one ‘to suppose thai
the thyroid giand bhecomes more active during this poriod, S erum
thyrotrophin levels measuvred by radioimmmosssay, declining
gradually throughout childhood; are at adoiescence (i.e. 18 years)
still above ycung adult levels. There is probably a temporary
increase in thyrobtrophin levels at puberty, especlzlly in girls,
though the aveaileble data are as yet insufficiently precise to
establish this with certainty (Goldstein-Golaire & Delange, 1971
Lamburg et ale, 1973b). Certainly the thyroid uptake of radic-icdine
is increaszed during puberty (Mzlveux et ale, 19655 Delange & FErmans,
1967)s The implication therefore is that thyroid function does
increase somewhat at puberty. Does this explain the common
occurrence of pubertal goitre in girls?

To account for the rise in both the excretion rates and

thyroxine to trijodothyronine ratio at puberty, let us consider the
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changes in binding protelns at this age. There is a suggestioﬁ
from current data (Rauth et al., 1964; Oddie & Fisher, 1967:
Goldsmith ei ale, 1967; Stekelenburg et ale, 1970; Lamburg et al.,
1973a) that there is a elight fall in both the serum protein hound
jodine and the total thyroxine coincident with the edolescent
growth epurt. After puberty there is a recovery to the childbood
levelse Tt is thought that this mey not represent an adolescent
decrease in the mecretion rate of thyroxine, but rather a decrease
in the anmount of proteins which carries the thyroxine im the hlood,
These carriers are thyroxine-binding globulin (UBG) and thyroxine=-
binding peralbumin (TBPA), TBG declines steadily during childhood
and resches adult levels, at least in girls by the end of
adolescence {18 years). From then on there is ne change (Lamburg
et ale, 1973a)o In boys, however, Uoldsmith et ale. (1967) found

an abrupt temporary decrease in thyroxine-birding globulin at
vuberty, yerhaps owing to androgen action for it is known that with
androgen therapy there ig an induced foll in thyroxine~binding
globulin levels, Thyroxine-~binding peraibumin concentration rises
in late puberty (Goldemith et aley 1967) Yo significant changes
of total serum trijodothyronine ocour during puberty (Lamburg et ale,
19732; Ruskin et al., 1973). Thus if thers is a fall in plasma
binding proteins within the pubertal period then it is easy to
appreciate that there mey also be an incressed urinary loss of free
thyroxine since both the thyroid production and the serum levels of
the free thyroxine remain constant. Thus the changes in the
vwrinary thyroxine to triicdothyronine ratio are erly to be due to

changes in the free thyroxine excretion at the different ages.
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As stated earlier, there are no significant changes in free

thyroxine levels and one thercfore assunes %hét triiodothyronine
both in the cireulation and urine is the constant.

My conclusion from my own results is that there is a slight
but measurable upward trend in uvrinary free triicdethyronine and
thyroxine through the paediatric age group.

We come now to coﬁéider the renal handling of the available
free plasma hormones in relation to the clhenging needs of a
growing child. Unfortunately, the precise mechanisun of renal
handling of thyroid hormones is not yet known nor are the free
serum levels of thyroxine and triicdethyronine yet agreed., This
is due to the non~-specificity of the methods used, Additionally
there are no reported values for free serun triiodothyronine in
the paediatric age renge. Adult vzlues {or both free merum
thyroxine and triiodothyronine are available. The adult free
thyroxine values reporited are less than thoss in the paediatric
age (Hung, 1975), For the purveose of comparison it is reaszonable
to assume that the paediatric serum free triiodothyronine level will
also be higher than the adult value although the thyroxine to
triiodothyronine ratio in both adult and c¢hild is likely to be
similar. This assumption will be used for assesszent of the

”

urinary free thyroxine to triiodothyronine ratios which I have
found here.

Tn euthyroid subjects the mean ratio of urinary free thyroxine
4o free triiodothyronine as determined in this work by gas liquid
chronatography is 1.348 40 1. Lower values of 1.27 (Black et al.,

1975) and higher values of 1.82 (Firucane ei al., 1977) have been

reported in adults., Table XXV gives the adult urinary thyroxine
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to triiodothyronine ratios caleulated from values of wurinary free

thyronine and triicdothyronine found in the literature.

TABLE XXV ¢ Mean urinarv thvroxine (Ti) $o triiedothyrenine (1

R

ratio in euthvroid adulis. (Review of the literature).

AUTHOR(S ) MEAN T4 HISATT T3 MEAN'Tﬁ '
o (ug. per day) {(ug. per day) ?ﬁﬁﬁf?f;ratlo
Chan eb al.,“;Q?Z 840 269 2:75
Burks et ale, 1972 2,0 0.8 2.5
Black et ale, 1975 1621 0.9%5 d.27
Shakespear & Burke, 1976 82,2% 34.3% 2039
Finucene ¢t ale, 1977 1695 1.07 182

<nrier

* nge per houre

.The ratio ¢f sexum free thyroxine to free triiodothyronine is
5ed (Ellis & Eking, 19?3)0 Let us asgume thai this ratio also
obtains in children. Comparing this ratic with the urinary free
thyroxine to free triicdothyronine ratio which I have established,
there has veen a change from serum to urine of 5/% to 1/1 for
thyroxine to triiodothyronine,

Let us consider in detail the renal handling of both hormones.

Ihyroxine

If we take the mean value of free serum thyroxine in childhood

as JeTng. per 100ml. (Lemarchand—Beraud et ale., 1972) a mean
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filtered load of thyroxine of H.b64ng. per minute (&&ZT%BlaQ nge per
minmite) (assuming a glomerulax £iltrofion rete of 120ml. per minite)
is presented to the tubules, If we now take my overall mean urinary
excretion rate for thyvozine of 0.3362 ng. per mimite (484.2 nge pexr
S4-hours) then the percertage tubalar recbsorption can be calculated

28 wmders=

Mean fres serum thyrorige

b

AeToge per 100ml.

Mean glomerular filtration rate 2 120mls per ninute
Mean filtered Joad of thyroxine = 5,64ng. per mimte

Meon exoreted thyroxine per mimmte = 003362nge. per minubte

Vean tubular veabsorption {per cent)

i

Fltered thvroxine-froreled thvwc"i
Mitered nhvwcx«

== 3 100

Be 5, 0: 3362

o Satmiin w100 = 04,03 per cemt

oV

This figure is consistent with the behavicur of the low
melecular woight solutes which zre almost entirely resbeorbed. Tor
example free cortisol has a reabssrpiion rate by the Iuvbules of
98 per cent (Beisel et al., 1964).

Burke & Shakespear (1976) gives a tubular reabscrption rate of
65 per cent for thyroxine but this iz based on their estimates of
the total urinary thyroxine {bourd and free), However, using
steady—gtate gel filiratien they show that only 20 per cent of the
total urinary thyroxine is free, the remainder being protein-bound
(12 per cent) or bound to low molecular weight binder (68 per cent ).
The authors further suggest that the protein-bound thyroxine in the

urine ie leaked out protein-bound thyroxine through the glomerulus.
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Had they similarly calculated the tubular reebsorption of thyroxine
on their value for the free urinary thyroxine (mesn serum unbound
thyroxine 39u6ng° per litre, mean total urinary excretion 82.2ng.
per hour and élomerular filtration rate 120ml.) then their tubular
reabeorption index for thyroxine would have been 94.23 per cent
which agrees with my ovm figure. Thal these final figures agree

lends credence to our separate methodologles.

Triicdothyronine

Again there is no value for free serum triiocdothyronine for
pacdiatric patierts bt Burke & Shakespear (1976) have given adult
values (mean 4.65ng. per 1iire)o If we tske these as probably not
too disparale Mrom these of children, then I can caleoulate the
tubular reabsorpticn rate of triicdothyronine for my vatients. The
mean excretion rate of triiodofhyronine in my series is 348.66mg.
per 24-hours or 0.2421ng. per minute. A free serum tiriiodothyronine
level of 4.65ng. per litre is equivalent to a filtered load of
0.558ng. per nmimite azssuming a mean glomerular filtration rate of
120ml. per minute.

Thus the tvbulsr resbscrption of triiocdothyronine:

= Mltered load per mimte -~ Fxcretion rate ver mimte

Mltered load per minute z 100

- Oq5580t5gé2421 x 100 = 56.61 per cente

Burke & Shakespear (1976) do not calculate the tubular

reabsorption of trilodothyronine because they found that their mean
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urinery exorelion rale (0.570ng. per mirute) was greater than the
calculated trilodothyronine load presented to the tulules by &
factor of 19260 Thus not only is all the filtered triicdothyronine
lost Dut there must be an active mecretion of triiodothyxonine in
addition. One naturslly doubts if this is se. In fact, using
steady--ztote gel filtration they show that only 40 per cent of
their total urinary {triiedothyronine is frae; the remainder being
protein-hound (9 per cent) or bound to low molecular weight binder
(50 per oent)@ Had they calcnlated the tubular reabsérption of
4¢riiodothyronine on the free urinary triiodothyronine (0,2286ng.
per minate, i.€. 40 per cent of 0,570) then their tubular
reabsorpﬁibn‘inaex would have been 59.03 per cent. This figure
agrees with ny ovm finding and once agein supports the asccuracy of
ny methodologys

If triicdethyronine ig weabsorbed fyom the venal tunbules
according to my value of 56.61 per cemt (tubuler resbsorption rete)
then there is a gross difference belween the tubular resbscrption
of thyroxine {94.03 per cent) or cortisol (98 per cent) and of
trilodothyronine (5606i per cent)e. One would have expected that
triicdothyronine being aleo a low molecular welght solute would
have behaved like thyroxine and cortisol.

This phenomena is partially explained by a major metebolic
event affecting thyroxine at the renal level. The capacity of
isolated human kidney tissue to convert thyroxine to triiodothyrenine
has long been recognised (Albright et ale, 1954) and the physiologleal
importance of thyroxine monofeiodination is well established

(Braverman et al., 1970). ¥From the figures provided by Pittmen et als,
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(1974) 4t appears that about one-third of the total thyroxine
production is transformed %o trilcdothyrenine by peripheral
monodoiodinati&n which accounis for 40 per cent of the total
trdlodothyronine pool (Haff@nherg? 1973}¢ However the rate of
thyroxine monodeiodination at the rensl ievel is not yet known.
But 1f this thyroxine monodeiodination does also ocenr to the
filtered thyvexine at the tubuler well (Gaiten et al., 1975;
Burke et ale, 19725 Rinwecane, 1976) end the formed triicdothyronine
is exereted, then the messured triicdothyronine consists of a
normaily filtared moitie plus that derived from thyroxine in traneit.
On tols basis let us now conslder the pessible significance of
renal transformation of thyroxine to $riiocdoihryronine on the
tubuler rechsorpiion rates for triicdothyronine and thyroxine.
I€ 30 ner osnt of thyrozine is transformed to triicdothyronine
during wltrafilitration, then 30 per cent of tho filtered thyroxine
will appesr in the tubule as trijcdothyronine.

"Thus with o glomerular filtered load of thyroxine of ‘
5064 ng. per mirste there is a conversion to trilodothyronine

of‘é%é& nge per minute ice. 1.87 nz. per minuvte.

Thug the filtered triiodothyronine (0¢558 ng. pex minuﬁe)
in the tubule is now augmented bv 1.87ng. per minute
iecs to 2.428ng. per minute.

Using this figure to calculate the tubular reabsorption of
itrifodothyronine, the calculated value ise

2428 = 0,2421
2.428

x 100 = 80,02 per cent

Phis ie similar to that caleculated for thyroxine and is more
in agremsmewt with resobmorption rate for low molecular weight

golutes., A small reduction in this figure would be obtained 1f
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the relative weights of trliocdothyronine and thyroxine were talken
into sceount. Thus using the published plagmes levels for the free
hormones in conjunciion with my own values of free urinary
triiodothyronine and thyroxine, T find that the tubuviar reabsorption
for both triicdothyronine and thyroxine eve similar and both ahove
90 per cent. This finding is in keeplng with the behavicur of low

moleculsr weight vwitrafiltrable molutler.

Renal Handling of Thyvroid Hormones with Age

It is not yet clear what is the contribution of renal metzbolisws
of these hormones to the values cstimsted. The kiduey plays an
importent role in the peripheral metabolism of iodine and thyrold
hormones and the thyroid hormounes play an important role in kidney
growth and function (Ratz et al., 1975). Howevér, thers may be some
significance in the fact that in the 0 - 5 year age range, the mean
 yatio of thyroxine to triiodothyrowine is greater than 1.4 (1.47)
while for the age rvange 6 = 10 the ratio is less than 1.4 (1.26),
Again in the immediately prepubertal and puberty age the ratio of
uvrinary free thyroxine to triicdothyronine rises again to be
greater then 1.4 (1.52)9 Thos it scems that less fres trilodothyronine
is excreted when the metabolic activity 1s likely to be increased
beconse of the rapid changes in linear growth (in the younger) and
&t puberty in the older, while the intermediate age group is
relatively coastinge. It is true that the renal excretion of
triiodothyronine and thyroxine represent the end result of a

metabolic equation, however the wuarisbles of this equation are



changing according to the needs of a growing body.

The acecepted constant mean level of firee serwn thyroxine
during childhood (Marks et alc, 1966; Lemarchand-Bersud et al.,
1972)r with 4the declining protein-bound icdine throughout this
pexdod (Fﬁﬂher, 1971), the increasing thyroid weight with age
(Koy et ala, 1966) and the mormal growth veloclty and basal
metabolic rate strongly suggest a nmpjor vole for {the monodeiodination
rate of thyroxine to triicdothyronine. This rate iz probably not
constant throughout the growing periocd but is adaplted to supply the
more active hormone viz. triiodothyronine sccording to the body
needs. This conclusion is supperted by tho increasing evidence of
the great part pleyed by triicdothyronine in thyroid physiology.

Considering the total thyrold hormone metabolie sctivity there
ig & greatex contribution from triiocdothyronine on tvhe basis that
trifiodothyronine is approximately three times more active than
thyroxine. Thus of the daily turnover of trilodothyronine and
thyroxine of 60ug. and 80uge respectively, approximately two~thirds
of the total metabolic effect comes from triiocdothyronine (j.e.

60 x 3 of 80 or %%% ieco 2/3)0 In addition the clinical usefulness
of the triicdothyronine suppression test presuppesen o direct action
of triiodothyronine in achieving inmhibition of thyroirovhin response
to thyrotrophin releasing hormone {Bowers et al., 1971). Thyroxine
alone can achieve the same effect (Greer & Swmith, 1954) utl one

must now ask whether this is a direct action or one exerted through
ite preliminary transformetion to triiodothyronine., It is
interesting to mention that buman pituitary tissues have been

shoun t0 deiodinate thyroxine t¢ produce triilcdothyronone (Volpert



o] 2B

et alo, 1963).

Thus it might be asgumed that changes in the rate of
monodeiodination of thyroxine to triicdothyronine as well as
. chenges in the tubular resbmorption of both hormones combine to
meet the changing needs of the growing body es it passes from a
phase of rapid growth in the {irst four yesrs through o perdiod
of wmteady growth then into the pubertal growth spuyt. These
changes in tubular reabsorpition T think T have debected in the
changing excrotion rates of free urinary thyroxine and triiodo-
thyronine, Obviously this conclusion eould be confirmed if the
plasmy levels of both free trilodothyronine and thyroxine were

availeble for each ege group.
Upinary Free Thyroid Hormones in Hypothyroid Patients

In $hiy werk a nomber of patients with hypothyroidism were
available for study. Table XXVI ghows their urinary free
triiocdothyronine and thyroxine values as determived by gas liquid
chromatography. Trilodothyronine values ranged from undetectable
to 178ng. per 24 hours and thyroxine values from undetectable to
24Tng. per 24 hours. It will be noted that in 4wo patiente
trijodothyronine could not be detected and in five, thyroxine
could not be detected. TIf the reader refers again to Table XIV
(page 99 ) he will observe that even although the patients were
clinically and biochemically subthyroid, a low level of serum
“hyroid hormones were detected by redioimmunocassay, only in those

patients whose serum thyroxine waz in excess of 40 nmol. per litre
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did thyroxine ieak gut in the wurine sufficiently to be measured.
Alternatively with serum levels less than 40 ﬁmolc per litre there
may be c@mpleﬁe conversion of the thyroxine to triiodothyronine by
the kidney so that by tubuler resbsorption of the latter, at least
triiodothyronine would be conserved against the failing metabolie
states It Is of note that in all but two patiente in Table XIV
the serum triiocdothyronine levels were within the normel range.
Thus triiodothyronine, like thyroxine, probeily only leaks out in
the urine when the serum level is shove a certein minimm. I have
not enough data on which to adducs the sigrnificent minimm serunm
triiodothyronine level when urinary excrebion nay ocouvw. Sterling
& lazmarus (1977) in thelr gtetement <that in hypothyroidiem there is
a preferential production of triiodethyronine, supportdmy cenclusion
that the kidney may play an important role in the conservancy of

trijodothyronine in hypothyroid states.

TABLE XXVI ¢ Dajly exevetion of urinery triicdothyronine snd

thyroxine (ne. per 24 hours) in hypothvroid

childyen by ape and oex.

Patient giziz?t Yﬁiﬁs Sex Triiodothyroniney] Thyroxine
SeBo | 51 | 0.08 | Mle - -
AP, 52 0.3 ¥ale 110 s
¥.Ks 53 0.5 Famale 132 -
LoBe 54 1 Femzle 155 -
Jeds 55 2 Female 160 231
At 56 i Female 120 163
SeSe 5T 9 Female - -
FeTo 58 11. Ible 178 247
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When the thyroid hormone is not detected it is assumed that
it is either absent or below the limit of the assay. Nonetheless
the highest urianary level detected in these hypothyroid patients
was lower than the lowest value in the normal subjects, thus there
was 1no overlap noted tetween the excretion values for the novmal
and the subthyroid patients. Others (Black et ale, 1975; CGaitan
et ale, 1975; Shakespear & Burke, 1976) (Teble XVII) who bave
studied this problem in adults have fomnd an overlsy in the
excretion values but these aunthors heve used either radioimmmonscay
or competitive protein~binding techmiques, T have alreandy sigued

against the reliability of these methods of asssy (page 100),

TABLE XVIT ¢ Urinayy levels of thvrold hormmmes in hynethyrold
adulits, (Heview of the literatura),

TRIICDOTHYRONIFR (ng. per 24 hours)

Aathor(s) o Hean 4 S.Do Renga 1

Chan et al;:“ﬁ9?2 0.9 & 0.5 0c3 ~ 1.6
. Burke et al., 1973 0.15
Hafner & Hesch, 1973 0.3
Chan, 1974 0.02 ~ 0.7
Gaitan et al., 1975 0636 + 0.2 0,11 « 0.78
Black et al., 1975 0,18 = 0,53
Shakespear & Burke, 1976 0.43 *®

0,838 Ay

¥ Primayy hypothyroid patients; original values were glven
in nge per hour.

# Secondary hypothyroid patlents: originel values were
given in nge. per hour.
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Cowt/ TABLE XVIT ¢
THYROXINE (ug. per 24 hours)

R MR R T BT AL

Author(s) Mean 4 SoDo Range

Chan & Lantion, 1972 2680 #+ 1.7 b4o?
Chan et ale., 1972 2:.80 4 0,9
Pastrana et al., 1974 0.60 : 0:.25 = 1.5
Pagtrana et al., 1975 0.65 0c1 « 145
Black et al., 1975 02 « 0.78
Shakespesr & Burke, 1976 0.78 #

129 et
Shakespear & Burke, 1976 0. 41

Primexy Lypothyroid patientsy original values were given
in ngo P hour.

¥ Secondary hypothyroid patientss original values were
given in ng. per houd.

The actuel time taken 4o anslyze a urine cample has bheen
estimated ot 5 days contimuously working but wiihin thet period
four other urine samples can be taken nearly o cowpletion. The
methodology would thercefore be ideal for scam~work where several
technicians work on a “conveyor-belt® system and since radioactive
tracers sare incorporated, good checks can be maintained by the
supervisor. On the other hand Black et al., (1975) claims that
up to 70 urines in duplicate can be processcd by redioimmmnoassay
vithin o working day. If inprecision of assay ig accepted as &
penalty for speed, then I have sacrificed speed in the hope that I
have accuracy and specificity.

Two children with primary hypothyroidism are of interest.
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Their ocase histories followe

SeBo (patient 5?)3 this is the sixth child of healthy Pekistani
parents who are first coumins. Their first child end the patient
both have talipes equinovarus. The pregnency was nermel and no drug
had been taken by the mother. The perinatol perdiocd wag normal and
the blrth welght was 3.5kg. The bilateral talipes noted at birth
caused the infant to be transferred Lo the Orthopeedic VWerd. While
there the infent became lethargic, diFfficult to feed and developed
a coarse cory. A small soft homogeéius symistrical goitre was noted
in association with an umbilical hernie. Although the child was
not clinically gbnormelly subthyreid the biochemiecal finding
indicated pﬁimary thyroid insufficloncy. Therce was epiphyseal

dysgenPsis. The hiochemical data were as unders:

Patient Noxrmel Range
Total seram thyroxine 41 mmol. per litwre (55~144)
Total serum triiocdothyronine 1.4 nmel, per litre (0.9-2,8)
. Thyroid stimulating hormone 50 uU per Iitre {up to 8.8)

Yo treatment was sterted until the infant came to the medical
wards and st age one month the following biochemical data were
obtaineds

Patieni Normal Range
Total serum thyroxine 37 mmnl, per litre {55-144)
Total serum triiodothyronine 1.3 nmol. per litre (0,9--2.8)

Thyroid stimulating hormone 100 w¥ per litre (up to 8.8)

At this stage urine was colleched for enalyses (Figure 28),
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WMoure 28 ¢ Tracing of urin ack f RNy 3
i rine extract from patiert SoBe (patiernt 51).




S¢So (patient 57); this is the middle of three children born
40 healthy Egyptian parents who are fivst cousins. The pregnancy
was nornal and delivery was in Gamera Hospitael, Ceirc. The
neongtel period wae nornel and the milestenes were reasched at
average time. About age 1% monbhe the child seemed to slow dewn
in her development and in Caivo thyroxine sodium 0.1mg. deily was
glven contirmously until age 9 yeers, When seen at 9 years the
complaint was of smallness of stature, lethargy and a2 poor school
performance. Clinically she was noet obviously subthyroid nor was
there any thyroid swelling. The bone age was thet of a 5% € year
old girle The pitultary Ffossa was largs. There was no epiphysesl
dysgenPsise Thyroxine was discontirumed for one month and theresfter
the following biochemical data were obiained:

Patient Hormal Range

Total serum thyroxine 1% wmol. per litre (55-144)
Total serum triiodothyronine 0.6 nwol. per litre (0.9-2.8)

Thyroid stimulating hormone 50 ul per iitre (ap to 8.8)

4
A3Qitionally the BEI ' was 29 ver cent of protein bound
iodine. Also the gland uptake was ag follows:

1 houwr 2.8 per cent
2 hours 17.1 psr cent
4 hours 45.2 per cent
24 hours 69.2 per cent

48 hours 58.1 per cent

£t 48 hours the total plasma 1311 was 0.674 per cent of the

131

total dose per litvre and PBI wag 0.521 per cent of the dose per

litre. The thyroid scan was normal and there were no sudoimmme
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antibodies. A urine collection was made at this stage for study
(Figure 29),

Significently in the tracings of thesme two paticnts neither
trifodothyronine nor thyrozine is seen. However monoiodotyrosine
and dijocdotyrosine are present in reasonable amounts. While my
nethod was not designed to study the behaviowr or quentitation of
monoiodotyrosine and diiodobtyrosine, T cen only make a reasonable
conclusion against these findings., In the light of the elinical
data, it could be asgumed that the excess of mcnoio&ﬁtyrosine and
dliodotyrosine and absence of twiiodothyronine and thyroxine mey
explain a state of failure of utilisation of monovicdotyrosine and
diiodotyrosine in normal blosynthesis and hence loss in urine.
This disordered metabolism is consletent with a dehslogenazse defect.
Cleaxly the solution of this type of problem will casily beAfnund
with a modificziion of the method (25 pointed cut earlier in
Discussion of Methodology, page 95) so as to allow accurate
guantitation of urinary thyroid hormone metzbolites. A fuller
mderstanding of thyrolid hormone metabolism may well derive from

further expevience with this gas liquid chromatography methodologye
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e 29 ¢ Tracing of urine extract from vatient S.5, {vatient 57).
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FINAL REMARIS

The chgmistry of thyrold hormones begen with the extraction
of thyroxine by Rbn&all (19?9) 1ts izoledion by Havingten (1928)
and the demonstration of triicdothyronine in blocd by Grose &
Pitt=Rivers in 1952. Yot reliable sssuys of these in blood and
urine are o recent development, star%iﬁg with competitive
protein-hinding by Lkins (1960) for thyroxine, followed by the
emergence of umeful, though cumbersome, wethods for triicdothyronine
(Naumann et alay 1967)0 At present, interest cenmtres on the
applicaticn of redicimpmmosssay methods for the measurement of
triiodothyronine and thyroxine in blood and urine.

There is a general agreement that both thyroxine and
triledothyronine are reversidly bound to s murber of proteins,
of whick the hest known avre thyroxine-binding alobulin, which has
& high affinity ror both hovmones (especially thyroxine), albumin
and. for thy%axine particolarly, thyroxine-binding veralbumin. In
sddition a large number of other proteins c¢2r be shown to interact
with both triiocdothyronine and thyroxine. Thus the protein binding
of both hormones is exceedingly compler {Sierling, 196450 It is
widely believed that the free or non-protein-tound thyroxine and
triicdothyronine exert biological sctivity iw serum while 1t iz
presumed that the protein—-bound moities are biologically inactive
as long as they remain bound. Thus direct measurement of
circulating free thyroid horm?gs provide a better index of thyroid

function.

The accerted methods used 4o messure the free hormone (based
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on equilibrium dialysis, wltrafiltretion or reverse flow
electrophoresis) are complicated by artefscts due to the techmical
problemsg of separating the free from the far greater quantity of
protein~bound hovmone. Alternatively the indirect determination
of the free thyrexzine fraction, derived from measurement of the
total serum concentration and simultaneous estimation of the
vacant binding-sites for thyroxine on the thyroxine-binding
globulin in the sample,while giving {the "Iree Thyrozine Index®
falls short in that it only is of real value iT thers are
abnorimlities ef the binding protein (Clavk & Horn, 1965). The
principle has not yet been routinely applied to firee triicdothyronine.

Little is known of the renmal excrebion of thyreid hormones. As
eorly as 1936 Mitolo (1936) demonstrated o small amcunt of free
thyroxine in the urine of normal subjectn. Iater werk, utilising
radicective icdine confirmed that organiec ilodine compounds do exish
in wwine, elthough in swmall quantities. Thus Jolict et al., (1944)
found o small quantity of radioactive thyrexine and much larger
smounts of radicactive diicdotvrosine in “the urine of rabbits which
had been given radiocactive jodide. Roche et al., (1954) by
injecting radicactive bormories in rats detecied by chrometographic
methods thyrexine and triiodothyronine in urine.

Bearing in mind that of the total thyroid hormones in the
plasma, some will leak into the urine and varticularly & proportion
of the free hormones, estimation of these now being practical should
add something to our understanding of the role of the free hormones.
This has stiracted inlerest because these free wrinary hormone -levels

nay refleot serum levels of the serun free hormones both in nermal
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and in various disease stotes. The main problem in the pest has
been the small but significant amounts of protein occurring in

normal urinee This protein has led to nonspecific binding especially
to interfere with radiolmmunozesay and competitive protein binding
methods of sesey.

Betimation of urine and perhaps elme serum fyee thyroid hormones
by gos liguild chromatography has distinct possibilities.

Alresdy hoth flame fonisation detection (FID) and electron
capture detoction (ECD) (63N) have been used successfully in the
anelyasig of dorivatives of thyroid related iodosminczcids both as
standards wnd in serum {Stouffer et al., 1966; Jsakonmaki & Stouffer,
1967; Richards & Vason, 19663 Alexander & Scheig, 15685 Shahrokhi &
Gehrke, 1968: Funakoshi & Cehnmann, 1969}, While these suthors have
confirmed the practical nature of this form of quentitation, I have
been unsble 4o find pudblished work on the application of the gas
Iiquid chromatography methodology for the ¢guantitztion of free
thyroid hormones in the urine. -

Gas ligquid chromatogravhy cammot be uszd direchily on crude
urine as the urine containg a wide range of votentially volatile
interfering compounds. An isolation stey {or sﬁeps) therefore is
unaveldablec, The extraction procedure must permit the removal of
protein and other substances which might intorfere with the
subsequent derivetisation and gas liquid chromaitographic separation
and detection of the hormones by electron capture detector. The use
of electron capture detector dictates stringent requirements for the

extraction sbteps., These ares

TMivetly the small but significant guantities of urine protein
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mst be removed in the hope that all the protein-bound thyroid
hormones will be removed lesving only the free fraction. This
was achieved by washing the Dowex 50 eolumn after the urine had
been applied,; with smmonium acetate (pH 8.5} (Sterling et ale,
@969)0 Incidentally thie wash also removed the urinary lipids
and most of the aminoaecids which included some but not all of the
monoiodetyresine end dilodotyrosine.

Secrndly desplite thin colunn wesh some aminoacids did appear

definitive '
in the definite columm extract. These were removed by the first
thin layer chiomatography development., Uo drastic step thereafter
was usad siree there was & piek thereby of degrading the compounds
gought .

Thirdly because of the notorious habit of the thyroid hormones
to adhere to glasswere surfaces, to avold losa in this way the
glassware was silanized with dimethyldichloresilene, laborious as
this waie

Fourthly pure extracte of thyroid hoymones are relatively
unstable to heat in thelir ionised form and fisploy o measurable
volatility at temperatures at which they decompose. This resistance
to volatility is due to the fact that thyrcid hormones have large
nolecules and the molecules are mutually associated through polar
groups (emino, hydroxy and carboxyl)e Alsc these hormones'are
congiderably labile and offen decompose onn contact with the reactive
surfaces of a chromatographic support or with metals. Thus it is
necessary to prepare suitable dexrdvetives more volatile; less polar
end suitable for gas liquid chromatographic separetion. Marked

enhancement of voletility and suppression of the zbove undesirable
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effects can be aclieved by elfecting s derﬁvaiisation that blocks
the poseibility of intermoleoulsr association and reduces the
reactivity of the compounds,

T have found that the pivelyl) methyl esters arve however ﬁﬁe
ideal derivatives of the thyroid hormunes for ges Iligquid
chiromatography because they are not readily broken down either by
traces of moislture or by the colum oven temperaturse Indeed they
are less voletile than other desriveiives and therefore they
volatilise at higher tewmperatures. However the prepared esters
require further purification before injection beceuss the reaciion
reagents (pivelic anhydride and triethylaumine) and the so formed
pivalic secid heve a high boiling point and therefore withoub
purification contaminetion of the coium and interference with
quantitation would heve resulted. This might be regexrded as a
drawback as it is not shared with othar derivatives. The
purification step was that described by Stouffer et al. (1966)
being & simple thin layer chromatography syshem.

Fifthly only a few liquid phases fulfil the stabllity
requivements for high temperature analysis of the dipivalyl esiers
of thyroid hormones. These temperatures range from 250 - 30000.
The linear polyorganc-gilexane OV-17 (methylphenyl orgenic groups)
used by Hamilion (1973) possesses high chemical and therwmal stabilities
up to 350°C and I used this in my investigation. However, the 2 per
cent coating employed by the sbove author was replaced by 3 per ceut
and the packed column was shortened from 5 to 3 foot for better

bageline separation,
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Finally on the problems of methodology, despite the varicus
purification steps introduced, a large muber of peaks were
obtained from test samples of urine. These peaks clearly
repregented derivatives of other aminoacids but fortunately it
was found possible to cause these to run ahead of the thyroid
hornone devivatives by using s temperature programmed procedurs
rather than iszothermal conditions. Among these peaks can be
identified monoiodotyrosine, diicdotyromnine and dilcdothyronine;
and therefore this finding might facilitate future studies desigaed
to elucidate thyroid hormone metabolisme. Tt may be that the
coupling of gas chromatography to mass espectirometyy would add to
the usei‘ulfmss of the method especially if the investigalor wae
interested in the many uwuknown peaks which I caused to run sheszd
by the temperveture programming.

In conclucicn, the analysis of the fyee thyroid hormenes iu
urine presents 2 major emalytié&l challenges Wot ondy is the urine
itself extremely complex, but the free hormones are ypresent along
with a varicbls amount of metabolites most of which are not
jdentifiables Farther, the large molecular weight of these thyvroid
hormones (a.ppx'oxima‘tely 1,000), the lability of their iodine atoms,
their tendency to adsorb on solid surfaces and thelr presence and
aveilability in only trace emounts in urine (in the free form),
were the problems which had to ’qe overcome in the present work.

The resulis which I have obtained, while perhaps few, have
given me an opportunity to evaluate the overall reliability of a
gas liquid chromatography method and intereshing;l& there was no

great disparity between my results and those of free urinary thyroid
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hormone levels reported by other authors using steady-stote gel
filtration (Burke & Shakespear, 1976).

When Ilapplie& reasonable loglc to the interpreting of my
data and those of these authors, my Tinding that the tubular
reabrorption value for bhoth thyvoxine and triiodothyronine were
in the range expected for small molecular weight compounds was
gratifying. This glves coredence to the gas liquid chromstography
method of whizh this thesis iz the testimony.

Using tho developed methodology, the levels of the urinary
thyroid hormones in ewthyroid and hypotbyroeid children were
egtimateds TP is of interest that there is neither reported
valuer for uwrinary free thyroid hormones as determined by gos
liquid chycmatography nor are there values for children by any other
methods Heowever when my values were compared with those reported
for adnlts (by competitive protein-binding and radioimmuncassay)
my vaiues were one-thinrd of those values, Thewe data suggest either
that the current methods overesiinate the wrinary thyroid hormones
by the inclusion of additional material o my walues are low because
of loms of hormone during the analytical procedure, The latter
suggestion can be ruled out since a correciion factor is always

14

available in the tracer "(-thyroxine. Another possibility to
account for the disparity is that the level of urinsry thyroid
bormones in children is lower than that of adults. The low levels
inneonstes with a steady increase during childhood might suggest
this. However such a large difference as one-~-third was not expected
pince compareble values for the serum free thyroxi&é in both children

and adulte does not differ by such & magnitudse.

On the other hand wuy uwrinery values are not signifirzanily
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Aifferent from the values of free urinary thyroid hormones in
adults as determined affer stesdy-stoate gel Liltration (Burke &
Shalkespear, 1 976). In suppovt of the above is the calculated
clearance values of both triicdothyronine and thyrozine assuming
normal renal function. Thewse were in the range expected for small
molecular weight compounds. Algo there is the clear digcerimination
between the values found in the ewthyreid and in the hypothyroid
states by my method.

Thus although tediocus the gas liquid chrometography
mnethodology appears to offer more sveciflicity and less interference

then methods previously reporied.
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Due to_%he trace levels of the free thyroid hormones in urine

& variety of methods based on radiochemical techniques have been

used for estimating free triilodothyronine and thyroxine, vize
competitive protein binding and radioimmunoassay. While these
‘techniques are currently employed, they suffer certain
disadvantages, among which are the cross reaction of the urinary
thyrold hormone metabolites with antlibody in the radioimmunocassay
system (Caitan et alo, 1975) and the competing of these metabolites
for hinding sites in the competitive~binding system (Finncane,
1976)0 Additionally, the above methods do not discriminate between
bound and free urinary thyroid hormones (Burke & Shokespear, 1976).

In this work +the use of gas liquid chromatography as & wethod
for the uantit=iion of urinary thyroid hormones is reported for
the first time.

Following the addition of thyroxine—2- IC for recovery
purposes, aliquots of urine (20ml.) were made acidic by the
addition of S5M hydrochloric acid and the thyroid hormones extracted
with cation exchange (Dowex 50W-X2(H')) column chromatography
(Sterling et al., 1969). Purification of the extracted residues
was effected by %hin layer chromatography (Chan & Landon, 1972).

The dried residues were dervivatised by a two-steps method
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(‘Ha.rnil‘i’;cm9 1973)s Trst the carboxyl group was methylated with
dry nebhanol in ‘the presence of hydrogen chloride gas for 30
mirmtes at ‘YOOC9 to form the methyl ester. The latter was dried
under nitrogen and then acylated with trimethyl acetioc anhydride
(pivalic anhydride) on the amino nitrogen and phenolic hydroxyl
groups in the presence of iriethylamine for 30 minutes at 110°¢C

to form the methyl W, O0-dipivalyl derivative. Following subsequent
purification by thin layer chromatography (Stouffer et al., 1966),
quantitation of HyO~diplvalyl methyl esters of triicdothyronine

and thyroxine was made by electron capture detection and programmed
thermal oven conditions on a Pye 104 gos liquid chromatograph,

A correction was made for the recovery rate of radicactively labelled
thyroxine added initially to the urine samples.

Using the developed methodology, the levels of the urinary
thyroid hormones in 50 euthyroid and 7 hypotbyroid children were
estimatede It is of interest that there is neither xeported
values of the urinary thyroid hormorves by gas liquid chromatography
nor other method for children,

In the series of euthyroid children whose age ranged from
3 Y0 14 years the mean daily éxoreﬁion rate of triiodothyronine

was 348.66 4 50.41ng. and 484.20 * 85.15ng. for thyroxine. There

was a small upward increase in the excretion rates for both triicdo-
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thyronine and thyroxine with age and this correlates with the
body requirements for constent free plasma levels of triiodo
thyronine and thyroxine. Irom the values found, the respective
tubular reabsovption factors were calculated and both compounds
behaved ag for low molecular weight compounds, The tubular
reabsorption of triiodothyronine was90.02 per cent and the tubular
resbsorption of ;!:hyroxine wa894.03 per cente

The reported method here while prolix has the advantage c'>ver
other currvent methods, estimates the true free level of urinary
thyroid homn’ones and also in that it discriminates between the
levels found in euthyroid and hypothyroid patients. The urinary
levels found in the hypothyroid patients taken with the respective
plasme, levels indicated that there was a gpecific plasma level
below which neither trilcdothyronine nor thyroxine appeared in the
urine. Addifionally, the reported method is a step forward to ths
uge of gag liquid chromatogrephy-mass spectrometry combination.
By this latter, a unique in its power to identify and quantitate
at fembomole levels unkmown compounds would rapidly increase our

understanding of thyrold metabolism and excretion.
g



